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I.  A.  Chegis  and  S.  V.  Yablonskiy 
LOGICAL  METHOD  OF  CONTROL  OF  OPERATION  OF 
ELECTRIC  NETl'JORKS 
Introduction 

In  the  operation  of  complicated  networks,  even 
when  they  are  made  up  of  reliable  elements,  the 
probability  of  appearance  of  faults  becomes  considerable. 
Therefore,  in  the  operation  of  complicated  networks, 
particular  attention  attaches  to  the  problem  of 
monitoring  the  operation  of  these  devices ,  ^of  methods 
of  finding  faults.  However,  by  virtue  of  the  com- 
plerity  of  networks,  theprocess  of  finding  faults 
requires  a  great  loss  of  time  and  high  skill  on  the  part 
of  the  service  personnel.  These  circumstances  have  led  the 

authors  to  engage  in  the  development  of  a  mathematical 
formalism,  which  permits, 

at  a  relatively  small  number  of  tests  (ringing^  to  determine 
the  place  and  the  character  of  the  fault.  The  basic 
results  in  this  direction  were  obtained  in  195^  end  were 
reported  at  the  session  of  the  Moscow  Mathematical 
Society  in  1955  /57.  The  constructed  rules  make  it 

possible  to  automze  the  process  of  control  of  the 

K 

operation  of  the  device.  In  the  case  of  manual  control_, 
they  also  ai^e  of  considerable  effectiveness,  since  because 


'Of  their  algorithmic  nature  they  can  be  performed  by 
viorkers  of  low  skill  and  within  a  short  time. 

In  the  present  article  we  expound  in  detail  this 
problem.  The  general  theory  developed  in  this  paper  is 
based  on  the  following  premises, 

1)  A  network  is  specified,  and  when  it  is  in 
working  order  it  realizes  a  certain  function 

f(xT,  X-,  ...,  X  ),  specified  on  the  set  E. 

2)  There  is  a  list  of  possible  faults  (which  are 
not  of  random  character)  with  an  Indication  of  the  number 
of  simultaneously  possible  faults;  with  this,  to  each 
possible  combination  of  faults  there  corresponds  a 

,  function  defined  on  the  set  E, 

3)  Methods  of  carrying  out  the  control  are 
described. 

Consequently,  the  results  of  this  general  theory 
are  applicable  only  to  networks  for  which  a  logical 
description  has  been  developed.  Therefore,  for 
illustration^' we  have  used  contact  networks.  This  choice 
was  dictated  also  by  the  fact  that  contact  networks 
represent,  from  the  point  of  view  of  reliable  means, 
the  most  simple  networks,  .hence  the  necessary  step 
towards  studying  the  more  complicated  networks. 

In  addition,  a  whole  series  of  questions  was 
considered  exclusively  for  contact  networks. 
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As  applied' to  contact  networks,  premises  1,  2,  and 
3  are  formulated  as  follows . 

1)  Corresponding  to  contact  network  (5^  is  a 

function  f(x  ,  x.,  x  )  of  algebraic  logic. 

Jo  ^ 

2 )  Two  kinds  of  faults  are  considered  —  the  short 
circuiting  of  the  contact  and  the  opening  of  the  contact j 
so  far  no  limitations  are  imposed  on  the  number  of 

simultaneously  possible  faults. 

3)  The  network  is  monitored  on  the  basis  of  its 
response  to  different  various  combinations  of  the  states 
of  the  relays . 

Example.  The  network  shown  in  Fig.  1  realizes  the 
function  f(x^,  x^)  =  x^  ♦  x^  •*  1  (mod  2).  Let  it  be 
required  to  find^ault  in  the  network,  if  it  is  known 
that  one  contact  is  faulty.  It  is  easy  to  see  that  for 
this  purpose  it  is  enough  to  establish  whether  or  not 
the  network  conducts  under  the  following  states  of  the 
relays 

3:^=0,  3C.^=:0;  Zi==0,  x^  —  U  x,  =  l,  *2—0;  *,  —  1,  *2—1. 

Namelys  if  when  x^  r  x^  =  0  the  circuit  does  not  conduct, 
then  either  contact  2  is  open  or  contact  h  is  open;  if 
when  ®  *2  “  ^  circuit  does  not  conduct,  then 
either  contact  1  is  open  or  contact  3  is  open;  if  when 
X  =  0  and  x  =  1  the  circuit  does  conduct,  then  either 


1  and 


contact  1  or  contact  4  is  closed;  if  vhen  = 

=  0  and  the  circuit  conducts,  then  either  2  or 
contact  3  is  closed. 

The  article  consists  of  two  chapters.  In  Chap.  I 
are  considered  general  problems  of  control  of  networks, 
that  is  to  say,  without  taking  into  account  the  structure 
of  the  network,  A  general  procedure  is  given  for  the 
construction  of  tests.  For  illustration  we  give  several 
examples  from  the  field  of  contact  networks.  The 
measures  developed  for  the  construction  of  minimal  tests 
can  be  used  directly  for  the  construction  of  minimal 
dls3unctlve  (or  con3unctive)  normal  forms  /"67 ,  At  the 
end  of  the  chapter  we  establish  a  duality  principle  for 
tests  and  disclose  certain  properties  of  single  tests  as 
applied  to  contact  networks.  What  remains  unstudied  are 
the  possibilities  of  control  by  means  of  conscious 

modification  of  the  topology  of  the  network; 
for  example,  short  circuiting  between  any  two  vertices 
of  the  network,  the  removal  of  part  of  the  network,  the 
rearrangement  of  the  blocks,  etc.  In  Chap.  II  procedure 
Is  given  for  the  construction  of  tests  for  individual 
classes  of  networks  vjith  account  taken  of  the  structure 
of  the  networks.  The  latter  is  due  to  the  fact  that  the 
general  algorithm,  even  for  relatively  simple  contact 
networks  (which  realize  functions  of  6  or  8  variable's) 


becomes  too  cumbersome.  Therefore,  as  In  the  case  of 
net-work  synthesis,  it  was  logical  to  narrov  dovn  the 
class  of  networks  and  thereby  increase  the  effectiveness. 
The  procedure  of  construction  the  tests  is  based  here  on 
a  block  construction  of  the  network  and  on  an  inductive 
^specification  of  the  functions.  In  this  manner  the 
construction  of  tests  reduces  to  the  construction  of 
tests  for  individual  blocks.  In  the  latter  case  the 
consideratiol  of  the  general  theory  are  used.  Nest  to 
be  studied  are  tentative  and  ordered  terts. 

The  results  of  Chap.  1  and  Chap.  II,  Sec.  7  were 
derived  by  S.  V.  Yablonskiy;  the  remaining  results  were 
obtained  by  I.  A.  Chegis.  The  general  writing  of  the 
text  was  perforemed  by  S.  V.  Yablonskiy.  The  work  on 
the  formulation  and  calculation  of  the  examples  was 
carried  out  by  T.  A.  Alferova  and  L.  K.  Rybakova,  to 
whom  the  authors  express  their  gratitude. 

Chapter  I 

General  Theory  of  Construction  of . I^ts 

1  Tables  of  fault  Functions  snd  Methods  of  Iheir 

Construction 

Let  a  network  ^  consist  of  Z  elements  (for 
example,  contacts).  Let  furthermore  the  element  i  have 
s  faults.  It  is  obvious  that  the  number  of  different 


faults  in  the  network  is  equal  to 

I 

il 

M 


Let  us  renumber  the  faults  of  interest  to  us.  Then,  for 
the  i-th  fault  the  network  goes  into  the  network 
We  denote  by  function  correspond^ 

ing  to  the  work  of  the  network  .  The  function 

f  (y  .  3C  .  ....  X  )  is  called  the  fault  function. 

y  V  2’  V  n 

Let  M  be  the  set  of  investigated  faults.  Then  a 
table  of  functions,  containing  a  table  of  fiinctlons 
f(3f  ,  r  , 

X  2  n  *  “  * 

fault  functions  x^j  •••>  where  a  c. 

called  the  table  of  fault  functions. 


*  We  make  the  correct  state  of  the  network 
correspond  to  the  index  0_,  and  thereby  definition^  the 
function  f^(x^}  ^2*  ***’  ^  ^^^1*  ^2*  **** 

There  exist  two  methods  of  constructing  tables 
of  fault  functions. 

The  first  method  consists  of  constructing  the 
table  by  rows.  For  this  purpose  one  scans  all  the 

assemblies  of  the  values  of  the  arguments. 
For  each  value  of  the  argument  one  seeks  the  correspond¬ 
ing  value  of  the  function  f,  and  one  marks. on  the 
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► 


diagram  the  contacts,  either  with  a  solid  line  or  with  a 
dotted  line,  depending  on  whether  the  contact  closes  or 
opens  at  the  particular  assemh|:y*  Then,  for  f  =  0,  one 


picks  out  those 


faults  which  short  the  network, 


and  In 


the  according  columns  of  the  row  under  consideration  one 
places  a  At  f  s  1,  one  picks  out  those  faults,  which 

open  the  circuit,  and  on  the  corresponding  columns  of  the 
row  under  consideration  one  places  a  ’'Q".  Then  after 
scanning  all  the  assemblies  one  obtains  a  table  of  fault 
functions.  In  each  column  of  the  table,  corresponding 
to  a  given  fault,  one  obtains  a .table  of  the  functions 


of  this  fault,  and  ,  into  the  empty  boxes 

one  should  transfer  mentally  the  corresponding  values  of 
the  function  fj^. 

Example.  Let  us  consider  the  sequence  of  compil¬ 


ing  a  table  of  fault  functions  in  accordance  with  the 
indicated  first  method,  for  the  network  shown  in  Fig.  2, 

which  realizes  the  function  y>  Zj 

assumed  faults  are  the  closing  or  opening  of  a  single 
contact.  For  convenience,  we  number  ^  contacts  of 
the  network  (see  Fig.  2)  from  1  to  iV.  ^distribution 
of  the  faults  is  shown  in  Table  1. 


t 

•s 


^  7  ^ 


In  this  table,  the  first  coliimn  (x 


5,  V  ? 


contains  all  possible  assetnblies,  vhereas  the  succeeding 
colons  are  headed  with  the  numbers  0,  1,  2, 
and  1%  2%  1^!-S  where  the  number  0  corresponds  to 

the  correct  state  of  this  network,  end  each  of  the 
numbers  1,  2,  l4  corresponds  to  he  closing  of  the 

contact  denoted  by  the  saine  number  on  Fig.  2,  and  to  each 
of  the  numbers  1%  2%  corresponds  an  opening 

of  the  same  contact. 

Figs,  3  and  h  show  sketches  of  each  assembly 
indicated  In  Table  I5  the  asterisks  mark  the  contacts, 
the  closing  (Fig.  3)  or  opening  (Fig.  4)  each  of  which 
brings  the  circuit  to  a  closed  or  to  an  open  state.  Over 
each  network  is  written  out  the  corresponding 
assembly,  and  'under  each  network  the  numbers  of  these 

faults  are  individually  written. 

To  explain  the  manner  with  which  the  construction 

of  Table  1  is  carried  out  and  with  which  the  indicated 
diagrams  of  Figs.  3  and  4  are  dra',«,  let  us  consider 
the  assembly  (0,  0,  0,  Oj, 

Corresponding  to  it  is  the  correct  state  of  the 
system  indicated  in  the  upper  left  corner  of  Fig.  3. 
Comparing  this  circuit  with  the  row  of  Table  1 
corresponding  to  the  assembly  (0,  0,  0,  0)  and  with 
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’Pig.  2,  ve  see  that  in  the  table  one  places  a  "l^in  the 
columns  with  numbers  corresponding  to  the  numbers  of  the 
contacts  marked  with  asterisks  (i.e.,  in  columns^  1, 

7,  9,  and  12). 

I  In  the  second  method  the  table  is  constructed  by 

columns.  For  this  purpose  one  introduces  a  fault  in  the 
network,  i.e.,  certain  contacts  are  short  circuited  and 
others  are  discarded.  After  such  an  operation,  a  network 
with  the  particular  fault  under  consideration  is  obtained. 
This  network  corresponds  to  the  fault  function  of  interest 
to  us.  However,  sometimes  there  is  no  need  for  compiling 
again  a  function  of  this  fault.  In  fact,  assume  that  a 
certain  contact  has  opened.  Let  us  consider  all  the 
circuits  which  pass  through  this  contact*  We  write  out 
all  the  assemblies  corresponding  to  these  circuits. 
Obviously,  the  fault  function  (corresponding  to  the 
opening  of  the  contact  under  consideration)  can  differ 
from  the  original  function  f(x^,  Xg*  •••»  only  at 
the  written  out  assemblies,  or  more  accxrrately,  the 
difference  takes  place,  if  the  written  assemblies  are 
not  encountered  in  any  circuit  that  does  not  pass  through 
the  given  contact,  and  to  the  contrary,  the  difference 
in  a  certain  assembly  does  not  take  place  if  this 
assembly  is  encountered  at  least  in  one  such  circuit. 


Assume  that  the  fault  consists  of  a  shorten  contact  o 
Let  us  consider  all  the  circuits  which  have  passed  through 
this  contact,  eliminating  those  in  which  a  contact 
identical  with  that  considered  is  involved.  Again  we 
write  out  all  the  assemblies  corresponding  to  these 
circuits.  In  the  assemblies  we  change  the  values  corre¬ 
sponding  to  the  given  contact  to  the  opposite  ones.  The 
fault  function  either  does  not  differ  from,  the  original 
function  at  the  constructed  assemblies,  or  differs  from 
it,  depending  on  whether  or  not  these  assemblies  are 
encountered  in  the  circuits  that  do  not  pass  through  the 
given  contact.  However,  the  difference  in  the  fault 
function  from  f(x^,  can  take  place  also  at 

other  assemblies,  which  correspond  to  the  so  called 
"false  circuit^,"  i.e.,  circuits  different  from  those 
considered  above.  An  erample  of  a  network  with  a  false 

circuit  is  shown  in  Fig,  5* 

Example.  Let  us  consider  the  order  of  com¬ 
piling  a  table  of  fault  functions  in  accordance  with 
the  second  method  for  the  preceding  circuit  (see 
Fig.  2). 

Shoi'ts.  Fig.  6  shows  the  circuits  that  are 
produced  from  the  initial  one  (see  Fig.  2)  from  closing 
of  any  given  single  contact.  On  the  diagrams  of  Fig.  6 
these  contacts  are  denoted  by  the  number  1,  which  J 


Fig.  6 


-/V— 


’designates  an  identical  admittance. 

Analyzing  Fig.  6,  ve  obtain  functions  that 
describe  the  corresponding  admittances  of  the  networks 
(i.e.,  the  fault  functions  for  a  given  network): 

i 

^  f,  =  3 ,  {x,  y,  Z,  w)  V  V  V  V 

IJ,  z,  w)\/  xyzil^\y  xyzwXf  xyztV, 

4 "=  ‘S.3.4 -V’  *'•’)  V ■'■y-  V 

3_^(r,  ?/,  3,  W)\/  xyzw\/:fyz\/  xyw, 

4  ==  *-^1.  X 4  V'  =’  ”•’)  V  V  -"/s®  V  V 

w)\/  xyzxi'\j-  xyzffy, 

L==S.^^{x,  ?/.  3,  w)\/  :ryzw\J  .njzw\J  xyzw, 
f^=:S,,.{x,  y,  z,  u')\/  xyzwX/  xijzwy  xyzw, 

3  ^(r,  ,v.  n!)\J  xyzw\/  £yzw\/  Xpti'j 

Ao  = ‘^1.3,4  ?/’  =• 

/i2=  V  V  V  -fj/-"’. 

.4*“ ‘^1,3,4  y’ 


Here  the  numbers  of  the  function  f  correspond  to 

the  numbers  of  the  networks  on  Fig.  6o 

Open  circuits  ,  Analogously,  on  Fig.  7 

we  show  the  networks  that  are  derived  from  the  initial 
one  upon  opening  of  any  single  contact,  and  the  contact 


—  IJ^ 


denoted  by 


in  which  the  discontinuity  takes  place  is 
zeros  on  these  diagrams  * 

For  each  network  shown  in  Fig.  7 ^  write  out  a 
function,  that  describes  the  admittance  of  this  network 
(l.e.,  the  fault  function  for  the  given  network): 

/j,  ~  xyzw  V  V  V 
f;yz  V  :):yv)  \J  xyzw  V  xyzw, 
xyzw  \/  xyzw  V  V  V  V  , 

.ryz  \/  xyw  V  •''//2W'’  V  V  V 
/.,  Xf/C  *'■■/  .'/.',?/«'  V  V  V  tz/s?/’, 

/  \/  rf/!z;  V  zt/s?/’  V  xyzw'xj  xyzw  V 

'  tj' 

.  -r:  ;«/,*  V  xifiP  V  rf/Six  V  xyzii'  y  V 

i\,  zz::  ryz  V  .i'i/u’  V  xyzw  \/  xyzw  \/  xyZtv  V  xyzu\ 

xy:  y  .;■//»'  y  ■z'f/^zz'  V/  -'(yzW  y  tz/Siz;  y  iz/vzz'  X/  i  y^ih,. 
^  y  y  ,r|7:,jr  V  xyztr  \/  lyzw  V  tz/izz'  y  tz/swb 

.rr-  xyz  y  xyzv'  y  Xyzu'  \/  xijzw, 

/,,,  rr_.  Xf/a  V  xzyzz;  V'  •'ryi'w'  V  V 

z=z  ryz  y  \/  xyzii-  V  rz/szz-  V,/  xySir  V  ?yg?/z  V  rpw’, 

,  rr=  xyu’  y  xyzw  y  .rz/sz?  V  tz/szz?  y  Xyzit-  y  tyszr  V  xyzw. 


Here,  too,  the  number  of  the  function  f  corre¬ 
sponds  to  the  number  of  the  network  on  Fig.  ?• 

The  advantages  of  any  particular  method  depend  on 
the  specific  case;  on  the  network on  the  character  and 
number  of  faults.  For  the  purposes  of  control,  it  is 
convenient  to  construct  the  table  in  both  manners. 
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In  the  compilation  of  the  table  it  may  be  found  that 
certain  columns  coincide  identically.  Thus,  in  the 
example  under  consideration  here  yie  have  “  f^, 
f  -  f  and  f  s  f  ,  ,  The  coincidence  denotes  that 

8  “  10  13  1^ 

the  corresponding  faults  are  electrically  undistinguish- 
able  or,  if  one  of  the  columns  is  empty  (always  correspnds 
to  the  correct  stats)  that  the  netvjork  contains 
ercGsslve  contacts.  In  the  latter  case,  by 
removing  these  contacts  we  obtain  a  network  equivalent 
to  the  initial  one. 

We  note  that  the  fact  that  certain  fault  functions 
coincide  can  be  predicted  directly  from  the  network.  In 
fact,  if  the  permissible  fault  is  a  break  in  the  contact, 
then,  if  two  contacts  are  connected  in  scries,  it  is 
impossible  to  establish  which  of  these  is  broken. 
Analogously,  it  is  impossible  to  establish  the  shorting 
of  a  contact  in  the  case  of  a  parallel  connection.  It 
is  interesting  to  ascertain  a  criterion  that  would 
permit  finding  the  faults  which  are  imdistinguishable 
from  the  atialysis  of  the  network. 

Thus,  all  the  faults  in  the  correct  state  are  all 
broken  up  into  classes  such  that  the  representatives  of 
one  class  have  identical  columns,  and  the  representatives 
of  different  classes  have  different  columns.  We  shall 
henceforth  deal  with  constructed  classes,  denoting  them 


hy ^xmbBTs  of  certain  of  their  representatives • 

2*  Tests  and  Their  Construction 

.  . . . ^  . 

Let  dTz  "be  a  set  of  f mictions  f(x^,  *'•’  ^n.^’ 

specified  on  and  and  the  same  set  E  and  assmning  values 
fro®  the  set  Q-  (here  n  is  the  same  for  ail  the  functions}* 
We  assume  furthermore  that  all  the  functions  from  the 

m 

set  are  pairwise  different.  Let  furthermore  there  he 
fixed  a  certain  subset  TL  ^Knot  ordered)  pairs  of 

functions  of  the  set  ^  where  the  pairs  (f,  f)  are 
excluded, 

Definition.  A  set  T  CL.  E  is  called  a  test 
(relative  to  E,3T2,  )  if,  no  matter  what  pair  of 

functions  (f,  g)  6  ^  ***’  ^n^ 

g(x^,  x^,  **,,  x^)  on  the  set  T. 

It  is  obvious  that  the  concept  of  a  test  depends 
on  the  set  ^  ,  From  the  definition  it  follows  that  E 

is  a  test  (trivial  test). 

Let  us  proceed  now  to  describe  the  construction 

of  tests.  Let  T  s  (  ej^,  e^,  ...,  e^  |  be  a  certain 

test.  Let  us  take  (f. ,  f.)'6'  T  is  a  test, 

i  J 

then  there  exists  an  assembly  e’^  1(1^  t) 

such  that  f  (eO  f,<e«).  This  assembly,  consequent- 
1  s  '  is 

ly  enters  into  the  set  —  the  set  of  all  the 
assemblies  on  which  the  functions  and  are  different* 


If  — 


From  this  ve  have  the  following:  T  is  the  result 
of  the  selection  from  all  the  sets  where  (f^, 

Attention  should  be  called  here  to  the  fact  that 
owing  to  the  use  of  the  "selection  principle"  (true,  in 
a  case  of  a  finite  set)  In  the  formation  of  T,  we  obtain 
a  cumbersome  apparatus  for  the  construction  of  tests. 

To  describe  and  construct  tests  it  is  convenient 


to  use  the  apparatus  of  algebraic  logic.  In  fact,  let 
us  write  the  set  .  in  the  form  of  the  formula 

&  /,  (a,)  ¥  fj  V  &  /.  ("u)  /.'■  (^^2)  \J  (^«.)  /> 

—  ei  \!  e!  V  ■  •  •  V  ‘'.re  f  E  [e, . 


*  •»  * 


Vie  make  up  the  expression 

n  V  V  • . .  V  4^,) , 


i 


where  under  the  sign  *M  we  understand  the  abbreviated 

notation  for  the  expression 

(  )&(  )&...&(  )• 


The  expression  obtained  is  of  the  form  .  Applying 

the  distributive  law,  and  also  the  law  of  action  with 
symbols  e^-’’  as  with  the  variables  of  algebraic  logic, 

i.e.,  by  putting  .jr\/4^e—e 

Cl,  Ci  fu  ~  —  i  l-  »  V  ^  ‘  ^  ^ 


i 


we  reduce  the  expression  to  the  form  ^  II  »  where  the  sum 
Ldoes  not  contain  excessive  terms.  We  can  now  formulate 


the  following  proposition. 

Theorem.  The  elements  that  enter  into  one  terui  of 
^  Vi  generate  a  set  vJhich  is  an  elementary  test-i- 

*  A  test  T  is  called  elementary)  if  any  subset 
T'  <1  T  Is  not  a  test. 

The  theorem  follows  from  the  fact  that  the  term 

ij  »  )  13  V  J 

contains  elements  from  each  bracket  (e^  v  ®2  v  *** 

...  V  ^5  ^^here  (f^,  ^  • 

Note«  Wei  see  that  the  question  of  finding  tests 

reduces  to^  the  construction,  of  a  setj  ■which  has  in  common 
with  each  subset  in  the  expression  of  the  form.  at 

least  one  eloinent*  Therefore  the  sets  that  have  these 
properties  with  respect  to  the  expression  of  the  form 
will  be  called  a  test  for  the  expression  T"^- 

We  note  that  the  transformation  of  T^..to  ^Tf  is 
cumbersome*  This  cumbersomeness  ireflects  a  more 
general  set-theoretical  fact^ which  states  that  under 
this  kind  of  transf oi-mations  it  becomes  frequently 
necessary  to  increase  the  cardinality  (as  in  an 
A  operation)*  The  method  of  transformation  will  be 
investigated  in  greater  detail  in  the  next  section* 

We  shall  indicate  only  one  application  of  elementary 


tests  here. 


Definitions.  The  cardinality  of  the  set  T,  which 
is  a  test,  is  called  the  length  of  the  test.  A  test  which 
has  a  minimal  cardinality  is  called  minimal. 

It  is  obvious  that  all  the  minimal  tests  (of  which 
there  can  be  several)  are  found  among  the  elementary  tests. 
We  shall  henceforth  be  interested  in  minimal  tests  or  in 
tests  whose  lengths  are  close  to  minimal. 

Let  TA  be  a  set  of  fault  functions.  One  can 
imagine  that  they  are  all  reduced  to  a  single  tabl^  as 
Was  already  done  (see  Sec.  1).  Let  be  a  non-empty  set 
of  different  unordered  pairs  of  functions  from  .  In 
our  case  'ft  will  contain  most  frequently  all  such 
possible  pairs.  In  the  latter  case  the  test  is  such  a 
set,  on  which  all  the  functions  from  are  pairwise 
distinguishable.  In  other  words,  in  order  to  detect 
a  fault,  it  is  enough  to  verify  the  network  only  for  those 
sets,  which  are  contained  in  the  test.  In  the  case  when 
T  E,  this  verification  is  shorter  than  the  verifica¬ 
tion  with  using  all  the  assemblies.  In  addition,  when 
T  E  there  is  no  need  of  writing  out  the  entire  table 
of  fault  functions  —  it  is  enough  to  know  only  that 
portion  of  the  table,  corresponding  to  the  set  T. 

By  virtue  of  the  foregoing,  particular  significance 
attaches  to  the  problem  of  constructing  minimal  tests. 


Note.  The  shorter  the  length  of  the  test,  the 
shorter  the  verlfioation  time  of  the  netuork.  Ho«erer, 
this  time  can  he  reduced  even  further,  hjr  taking  into 
account  prohahlllty  considerations.  That  is  to  say^ 
once  the  netvork  has  been  regulated,  then  the  network  Is 
'  correct  with  the  greatest  prohahility;  different  faults 
are  encountered  with  different  prohahllltles .  Taking 
furthermore  into  consideration  that  to  detect  a  specific 
fault  there  is  as  a  rule  no  need  for  "running  through" 
the  entire  test  (it  is  enough  for  this  purpose  to  employ 
part  of  the  assemblies),  one  can  arrange  the  assemblies 
contalnid. in  the  test  in  such  an  order  that  the 
mathematical  ewpectatlon  of  the  length  of  that  portion 
of  the  test,wttloh  is  necessary  prior  to  disclosure  of 

the  fault,  v/ill  be  minimal. 

In  conclusion,  vie  shall  give  examples  of  con¬ 
struction  of  minimal  tests.  The  examples  pertain  to  the 
netvJork  analyzed  in  Sec,  1.  In  example  1,  the  per  __ 
missible  faults  are  the  closing  of  one  contact,  in  example 
2  are  that  of  opening  one  contact.  The  assemblies  e 
of  the  set  E  are  denoted  by  integers,  the  binary 
arrangement  of  vihich,  viritten  from  left  to  right,  is 
identically  equal  to  e. 

The  notation  o-qo  V  3  V  5  V  ^  denotes  that 
the  0-th  function  differs  from  the  1-st  function  (see 


*  A  ^ 

table )-*V;64tO,  3,  5,  and  6  assemblies. 

Example  1 . 

Lat  us  vrite  out  all  the  expressions  of  the  form 


'tj 


^  0  *  1 

0  V  3  V  5  V  6 

0  •  2 

9y  10  V  12 

1  •  2 

0V3V5V6y9V10V12 

2-3 

12 

0  *  3 

9  V  10 

1  •  3 

0  V  3  V  5  V  6  V  9  V  10 

2-4 

5  V6V9V  10 

0  ‘  A 

r)V6Vi2 

1  ■  4 

0V3  V12 

2  •  5 

0V3V12 

0  ^  b 

0  V3  V9  V  10 

1  .  5 

5  V  6  V  9  V  10 

2  •  6 

5  V6V9yi0V12 

0  •  6 

r)y6 

1  •  6 

0  V  3 

2  .  7 

oysy  10V12 

0  -  7 

ov^'VS 

1  •  7 

3  V  6  V  9 

2  •  8 

ayci  yoy  12 

()  «  8 

3  V6V  10 

1  ■  8 

o 

> 

> 

O 

2  •  11 

3V5  yioy  (2 

i  0  '  It 

3  y  5  V  9 

1.11 

0  y  G  V  9 

2.  12 

0  V  6  V  9  V  12 

:0  ^  i2 

aye  y  lo 

1  .  12 

< 

< 

o 

2  .  13 

9  yio 

;o  •  13 

12 

1  .  tsjo  V3  V<>  V  i2 

».4 

5  V  6  V  9  V  10  /  12 

4  •  5 

0V3  V5V6V9V10V12 

5-6 

ovBysyevoyio 

;  3  5 

0V3 

4  •  6 

12 

5-7 

3  V  5  V 10 

3.^0 

.5-V-6- v-s  y  i'» 

4  ■  7 

oye  V9  V 12 

5  •  8 

0  V  6  V  9 

3  .  7 

0V5V  10 

4-8. 

3V5V10V12 

5  •  11 

0  y  5  V 10 

■  3  ‘  8 

3  ''/  G  \/  9 

4  •  11 

3  V6V9V  12 

5  •  12 

3  V  6  V  9 

3^1 ! 

3  V  T)  V  10 

4  •  12 

0  V  5  V  10  V  12 

5  •  13 

('V3V9  V10V12 

3  .  12 

0  y  0  y  9 

4  •  13 

5  V  6 

3  ‘  !3 

9  V  10  y  12 

;6  ‘  7 

0  V  G  V  9 

7  •  8 

0  V  3  V  5  V  6  V  9 10 

8  •  If 

5  V  6  V  9  V 10 

8  •  8 

iryr.yii) 

7  .  11 

0V3  ■ 

8  •  12 

0V3 

i  (>  •  t  1 

3  y  G  \  '  9 

7  .  12 

5  V  G  V  9  V  10 

8  -  13 

3V6  V  loy  12 

8  *  12 

()  r.  v  10 

7  •  13 

oy  5V9V  12 

G  -  i3  i  r.  V  y  12 

I  M2  i  (i\/3y r>vt>vs Vio  12- 13 1  o  v  g  v  lo y  1 2  ( 

I I  ■  13  i  3  y  V  9  V  12 

The  expression  ,  after  obvious  simplifications, 

becomes 

ni;=r:(9\/  10){5V<'>)(0V^iV5))(3V6Vl0)(3V5V9)(0V6V  10).  12. 

•  (0  V  3)  (3  V  0  V  9)  •  (0  y  5  V  10)  (0  V  6  V  9)  (3  V  5  V 10)  = 

r=(0V3)(5V6)(9Vl0).12.l(0V5V9)(3V5V9)l. 

.  [(0  V  5  V  10)  (3  V  5  V  10)1  ■  1(3  V  6  V  10)  (0  V  6  V  10)1  • 

•l(3V()V9)(0V6V9)lr=r(0V3)(oV6)(9V10)  .  12. 


2Y 


.1(0.3V"'V9)(0-3V‘'>V«>)]  •  [{0.3\/6V9) (0.3V6V  10)1  = 

.■=:  (0  V  <1)  (-W  0)  (9  V  10)- 12-[(0 . 3  V  9  V  9- 10)  (0.3  V  0  V  9 •  10)]  =  (0  V  3)- 
•  (9  V  6)  (9V 10)  •  12  .  (0  •  3  V  5  •  6  V  9-  10) 

By  opening  up  the  brackets  >>6  obtain 

V il  0 . 3  •  5 . 9  ■  12  V  0  •  3  •  5  -  10  ■  12  V  0  ■  3  -  0  •  lO  •  12  y  0  •  3>  •  0  •  9  -  12  V 
V  0 . 5  •  6  ■  9  .  12  V  0 . 5 . 0 . 10  •  12  V  3  •  5  •  C  •  9  •  12  V  3  •  5  •  9  •  10  •  12  y 
y  0 . 5 . 9  •  10- 12  V  0 . 6  •  9  •  10  •  12  V  3  •  5  •  9  ■  10  •  12  y  3  •  9  ■  9  -  10  •  12. 

Each  term  defines  a  minimal  test. 

Eyample  2, 

Let  us  vrite  out  again  all  the  expression  of  the 

form 


u  ■ 

i ' 

i 

s  V  1^  V  13  V  tlVl‘ 

r*  2‘ 

y  - 

1  V  2  \'  4  7 

i'*  3' 

y  • 

«'t  •' 

.> 

13  ■/  \  13 

4' 

y  • 

i 

3 's./  1 1 

t ' '  7>' 

0  ■ 

; ) 

4  'v  7 

r.  6^ 

0  . 

(V 

. 

1  V2 

r.  7' 

y  ‘ 

. 

7  \/  t  \ 

r-  8' 

0  • 

S' 

4  '  S 

r-  9' 

(1 . 

9" 

V-  uv 

0  • 

W 

1 

V-  ir 

y ' 

2  V  4  3 

r*  12' 

(j ' 

1  V  7  1 1 

r- 13 

!;r 

13 

r- 14' 

* 

14' 

14 

y  ■ . .  y 


i  V'  2  V  4  V  7  V  V  li  V  13  V 14  V 13 
8  V  1 1 

13  V  i4,V  15 

4V  7  VS'v'll  Vt3V14\/15 

1  V2\/S  V  11  V  13  V  14  V  15 

■  V  5  V 13  \,7 14  v  as 

4  V  II  V  1  3v  14  V  15 

2  V5  V  11  V  13  V  14  V  15 


25^ 


2'* 

y  1  iy2'V4\/7v/i3v/i-rv'i:. 

a'* 

K  \/  H  V  S3'v'  14  '/  1-', 

r  • 

lit*  • 

1 

.4'  ^ 

?  v  2  V  1  7  v'  S  V  15 

;V‘ 

5' 

4  V7  V  S3y  14  y  r> 

€'■ 

2'^ 

a  f 

1  V3 

3^ 

6' 

i  V  2  13  'v  14  v  13 

■r  ^ 

7'’ 

2:’ . 

r  i. 

4.  y  7 

;v. 

7' 

TV  H  V  13  V  MV  15 

r- 

K'* 

*>>  j 

?■ 

1  y  2  \y  4  y  1 1 

3-'. 

8* 

4  V'S  V  13  V  14  V  15 

9' 

2\ 

S'  1 

1 V2V7V8 

3^ 

9' 

2  V  13  y  14  V  15 

4'* 

10' 

W  1 

1  V  4  V  1 

3^* 

nr 

1  V  13  V  14  V  15 

11’ 

2'- 

iO' ! 

2  ‘v  4  v'  7 

3*. 

ir 

:>'s/4y8V13V14V15 

4^ 

12' 

'V 

..i;  - 

ff ; 

1  V7  V8 

3^ 

12' 

rv'7Vf  !V  l3\/i4V15 

4'* 

13" 

1 2'* 

2  4  7/  !  1 

3^ 

ir 

14\/  15 

4  • 

14’ 

•"r  ^ 

i:r 

1  V2  V4'./7Vi3 

3r 

i4r 

13  V  15 

^y. 

rr : 

5  \ri\/i  y  7  V  14 

yr  1’ 
:> 

(i’ 

i  V  2  V  4  y  7 

fr- 

1 

1  y  2  V  7  'v  1 1 

7  . 

H-* 

»» } 
:> 

i 

4.  v  1 1 

6  • 

S' 

1  V  2  V  4  V  s 

i  • 

v* 

5' 

8^ 

TV'S 

w 

1 

7 

to' 

5' 

!;>■ 

;>  V4  V7 

6'’ 

ID' 

2 

r*' 

/ 

11' 

5 

'tO' 

1  \/  4-  V  7 

f.r* 

11' 

1  V  4  V  8 

i 

iT 

»;» 

1!' 

2  V  7  V  8 

12' 

2  V  7  V  1 1 

7'' 

vy 

;'v' 

12* 

1  Y  4  V  i  i 

6'- 

13' 

1V2V13 

1  '4" 

5’ 

i3'' 

4  y  TV  13 

6'- 

14’ 

1  V  2  V  14 

• 

T*  i' 
0 

14; 

4V7V14 

ir 

2  Y  4  V  8 

0' 

10’ 

!  2 

lor 

iV 

H'' 

Aiy 

1  -y  4  7/  S 

W 

It’ 

4'ya 

iiy- 

12' 

iV 

2 

0' 

12' 

i  y  2  V  7  y  1 1 

ify* 

iry 

fr 

i2' 

1V4V7V8V5J 

fr 

13' 

2  V  13 

10'- 

14 

t:r 

l4y«V'i3 

9* 

14’ 

2  V14 

8* 

rr 

|4V‘HV14 

],2' 

j  1  V2  V4  V7V8VM1 

12' 

13’ 

11  V7V11  V13 

13’- 

14' 

fir 

rr 

1  2  V  4  V  F.  V  13 

12' 

14' 

1  V  7  V  11  V  14 

4'v'7 '■/•‘’X'Jl' 
iv:!',-'?:'  'H 

7  8 
4  V  I ! 

2  V  8  V  1 1 
U''  8  V  1 1 
2V^  Vlf 
1  V  7  V  8 

8  V  51  V 

H\/  5!  V  14 


A  \/  7  V  8  V  i ! 

2V7  vn 

1  \/  7  V  1 1 
2V4V7\/8';’I  ( 

1 

7  'v'  1 1  \/  i:. 

7  VII  V' 14 


1  V 12  V  4"/ 8 

7  V  11 
IV  IH 
1  V  I  'i 


13  V  14 


After  obvious  simplifications,  we  can  write  for 
the  following : 

m  =:  1  .  2 . 13 . 14  {(4  V  il)  (7  V  11)  (8  V  11)1  f{^  V  8)  0  V 1^)!  V'  7) 

1  -  iM3 . 14  (11 V  4  •  7  •  8)  (8  V  4  •  7)  (4  V  7)i 

Transforming  this  expression,  we  obtain 

ilT=1.2.4.8‘  11- 13. 14V1-2-4.7-8. 13.14V1-2.  7- 8- ll- 13- 14\/ 

VI  *2 -4. 7. 11. 13. 14. 

Each  term  will  define  a  minimal  test, 

3,  Certain  Rules  for  the  Construction  of  Tests 
We  have  already  seen  that  the  construction  of  tests 
reduces  to  the  construction  of  an  expression  of  the  type 
^IT,  In  the  general  case,  to  construct  a  ^  TT  it  is 
necessary  first  to  obtain  the  expression  TT^  and  then 
convert  it  to  the  form  ^TT  ,  Both  these  stages  are 
exceedingly  laborious.  By  virtue  of  these  circumstances, 
it  becomes  practically  impossible  to  construct  minimal 
tests  for  arbitrary  networks,  using  an  algorithm  that 
does  not  take  into  account  the  peculiarities  of  the 
structure  of  the  networks,  which  realize  functions  of 
six  or  more  variables. 

It  must  be  noted  that  a  direct  expanding  of  the 
brackets  even  in  a  whole  series  of  relatively  simple 
problems  leads  to  a  very  large  number  of  temns;  thus, 

,ln  the  opening  of  the  brackets  in  example  1 
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of  Sec.  2,  one  obtains  more  than  a  million  of  terms. 
However,  the  final  result  contains,  as  a  rule,  much 
fever  terms.  In  this  connection,  the  question  arises 
of  finding  simpler  ,  when  it  is  possibletl;  to 

construct  a  starting  vjith  a  table;  2)  to  con¬ 
vert  the  'TTi  into  ,  bypassing  the  direct  opening 

of  the  brackets  with  a  consequent  •’reduction  of 
similars,"  and  3)  in  the  case  of  construction  of  a 
minlKial  test  or  any  one  fully  definite  test  for  the 
elimination  of  the  transform*ation  of  7^1  into  111 

In  the  present  section  we  shall  formulate 
briefly  these  rules. 

1.  Rules  of  Construction  of  /Ti.  .  1.  In  the 

table  of  fault  functions  we  discard  the  rows  that 
consist  either  entirely  of  O's  or  entirely  of  I's,  and 
also  the  corresponding  assemblies. 

2.  In  the  case  when  the  table  contains 
identical  rows,  we  discard  all  of  them  together  with 
the  corresponding  assemblies,  leaving  one  representative 

of  each. 

Vfe  shall  disregard  from  now  on  the 
discarded  assemblies,  assuming  that  the  functions  are 
not  defined  on  them. 

3.  VJe  choose  all  the  assemblies  that  have  that 
property,  that  for  each  of  these  there  are  at  least- 


two  functions  which  assume  on  these  assemblies  different 
values,  and  on  the  remaining. (which  remain  after  and 
I.,)  identical  values.  The  resultant  assemblies  exhaust 

all  the  one-term  factors  in  the  f  expression. 

be  one-term  assemblies 


4.  Let  e.^^, 


obtained  according  to  item  3.  remove  from  the  set 
:he  pairs  of  functions  it  .  f  )  for  which  there 


n  4- 


exists  an  assembly  k  ^  s)  such  thau 

f  (e.  )  tAB.  )e  "^The  resultant  set  will  be  denoted 

by  yi’  •  It  is  obvious  that  the  construction  of  a  test 
in  a  case  when  a  set  of  pairs  ‘Tl^  is  fixed  is  simpler 
than  for  the  set  of  pairs  ^  ^  assume 

that  corresponds  to  the  set  Then,  obviously 

’TP  4r  ^ 

we  have  TTl,  s  ®i;2^®i2*  *  *®is  *  ' 

In  practice  it  is  more  convenient  to  proceed  as 

follows;  using  the  sets  one  breaks 

up  the  setT^X  into  classes  in  such  a  way,  that  the 
representatives  of  different  classes  on  a  certain 
assembly  e^^^Cl  ^  k  ^  s)  assum.e  different  values, 
and  the  representative  of  one  class  on  each  of  the 
considered  assemblies  assume  one  and  the  same  value „ 
Next,  for  each  pair  of  functions  (fj_?  ^ 

such  that  the  functions  f^  and  f^  enter  into  one 
class,  consequently,  (f3_,  f^)  t  Ti'  ^  one  constructs 
the  set  Bij,  etc. 


5,  Using  the  rule  that  A(A  V  B)  =  A,  we  cross 
out  in  the  ^  expression  the  excessive  factors.  It 
should  be  noted  here  that  when  item  4  is  satisfied, 
the  factors  which  are  absorbed  by  the  terms 
,,,,  e  are  automatically  discarded. 

X  (M 

II.  Rules  of  Transformation  of  into 

1,  Algebraic  Method.  Using  the  distributive  law,  we 

carry  out  the  multiplication  of  the  brackets 

(,i  V  R)  C  ==  AC  y  BC. 

This  is  followed  by  further  transformations,  in  which 
the  identities 

A- A- A,  AB—BA,  A\/  B=  B'\/  A,  A\/^f^=^- 

are  taken  into  account.  It  becomes  frequently  convenient 
here  first  to  group  the  factors  in  a  suitable  manner. 

2.  The  geometric  method  is  based  on  the  relation 

In  other  words,  the  result  of  the  operation  is 

complement  to  the  result  of  the  operation  on 

the  complement.  Thus,  it  becomes  possible  to  obtain 
the  expression  of  interest  to  us  by  using  the  supplement¬ 
ary  operation  to  the  operation  ^  A/ .  For  this 
purpose,  we  consider  a  '*sieve,"  vJhich  has  the  following 
form:  in  a  rectangle  parallel  to  the  base  one  draws  a 

total  of  m  straight  lines,  where  m  equals 


the  nmher  of  different  assemblies  e^,  e^j  e^  of  the 

fxmction  f(x, ,  x,.  x  );  let  us  assume  that  these 

X.  d  n  '* 

are  numbered  as  shown  in  Fig,  8,  Next,  we  separate  the 
segment  1  into  two  equal  parts,  segment  2  into  four  parts, 


etc,;  finally  we  divide  segment  m  into  2™  equal  parts. 
Prom  segment  1  we  remove  the  first  half,  we  remove  the 
1-st  and  S-rd  quarter  of  segment  2,  we  remove  the  1-st, 
3-rd,  5--th,  and  7-th  eighths  from  segment  3)  etc.  The 
discarded  part  of  the  i-th  segment  of  the  sieve  is  set 
in  correspondence  with  the  assembly  e^  and  the  undis¬ 
carded  part  is  set  in  correspondence  with  the  assembly 


e  (1  <  i  ^ 


m).  To  each,  product  IT e^^  we  set  in 
correspondence  a  part  of  the  sieve;  for  this  purpose, 
all  the  factors  from  the  product  TT  are  mentally 
projected  on  the  segment  in  which  is  located  the  factor 
of  the  highest  rank  in  the  given  product,  and  we  take 
their  intersection.  The  resultant  part  of  the  sieve 
will  be  called  sparated.  By  carrying  out  such  an 
operation  with  each  term  of  separate  from  the 

sieve  a  certain  set  of  segments.  Let  us  divide  the 
base  of  the  triangle  int  2^  parts.  To  each  part  of  the 
subdivision,  which  is  not  contained  in  the  projection 
on  the  base  of  the  separated  part  of  the  sieve,  we 
assign  an  index  defined  as  follows:  from  an  internal 
point  of  the  given  part  we  draw  a  perpendicular  and  take 


the  difference  between  m  and  the  number  of  points  of 
intersection  of  the  perpendicular  with  the  sieve,  or, 
what  Is  the  same,  we  count  the  number  of  horizontal  lines 
on  which  the  perpendicular  does  not  intersect  with  the 
sieve.  (See  reference  /2/  ,) 

It  is  easy  to  see  that  each  part  of  the  breakdown 
of  the  base,  in  which  an  index  Is  defined,  corresponds  to 
an  elementary  test  consisting  of  assemblies  corresponding 
to  all  those  segments,  with  which  the  perpendicular  drawn 
from  the  internal  point  of  the  considered  part  does  not 
intersect.  It  is  furthermore  evident^  that  the  length 
of  the  elementary  test,  corresponding _to  the  given  part 
of  the  breakdown  is  equal  to  its  index. 

III.  Rules  of  Construction  of  a  Minimal  Test.  In 
the  construction  of  a  minimal  test  it  is  necessary  to 
choose  a  certain  term  from  the  S-TT  ,  and  therefore,  in 
many  cases,  there  is  no  need  for  carrying  out  a  complete 
transformation  from  '71 1  to^-TT.  This  is  aided  by  the 
following  two  rules. 

1,  If  the  product  'fF  breaks  up  into  groups 
such  that  the  different  groups  do  not  have  identical 
assemblies,  then  in  order  to  obtain  a  minimal  test  it 
is  sufficient  to  construct  a  minimal  test  for  each  group 

and  to  take  their  joining. 

In  the  case  when  the  permissible  faults  are  either 


the  closing  of  one  contact  or  the  openixxg  of  one  contact 
it  is  obvious  that  the  minimal  test  breaks  down  into  two 
nonintersecting  tests:  the  first  is  minimal  for  closixig 
in  one  contant  and  the  other  is  minimal  for  opening  in 
one  contact.  In  other  words,  in  this  case  the  Ti,  always 
breaks  down  at' least  into  two  groups  without  common 
assembly.  This  follows  from  the  fact  that  in  the  case 
undei’  consideration  the  fault  functions  corresponding 
to  closing  do  not  differ  from  the  initial  function  on 
those  assemblies  in  v«'hich  f(e)  s  1  and  correspondingly 
the  fault  functions  corresponding  to  open  do  not 
differ  from  the  initial  function  on  those  assemblies 

where  f(e)  s  0, 

2,  Let  the  expression  have  the  form 

(e^  V  ej)  (A  V  iA  V  ...  (4^  V  ^ . 

Where  A^,  A^.  B^,  A^ ,  do  not  contain  the 

assemblies  an^  3.nd  the  term  C  (vhicn  has  the  form 

TT^  )  does  not  contain  the  assembly  (there  may  not 

be  any  brackets  in  A  and  B)o  It  is  obvious  that  in 

the  minimal  test,  owing  to  the  factor  there 

should  be  contained  either  or  e^|  here  it  is  more 

convenient  to  take  first  e  ,  since  both  e^  and  e^  enter 

symmetrically  in  all  the  factors,  with  the  exception  of 

C,  while  e.  may  also  enter  in  C. 

J 


To  prove  this  we  note  that  if  the  o-'-nression 
is  obtained  from  the  expression  by  crossing  out  a 

certain  number  of  conjunctive  terms,  then  to  each  test 
T  of  the  expression  "H  there  corresponds  a  test 

of  the  expression  % ^2'  "^2  ^  '^1  ^ 

crossing-out,  the  length  of  the  test  can  only  decrease). 


Let  us  consider  two  cases : 

a)  the  element  is  chosen;  when  e._j^  is  crossed 

out,  becomes 

HI,  (A^  V  (-4;  V  •  <  •  {A,  V  ■ 

b)  the  element  e.  is  chosen;  when  e.  is  crossed 

J  • 

cut,  'TT^  becomes 

111. (.1,  \/  (.1.,  V  V/  <^JKyy 

If  we  now  replace  ej^  by  e^,  then  the  expression 
T will  be  the  result  of  crossing  out  of  a  certain 
number  of  conjunctive  elements  from  the  expression 
and  therefore  in  case  b)  the  test  can  only  be  less. 

3,  Let  he  broken  up  into  groups  of  factors, 

with  e^^,  6^2’  •••»  ®it  minimal  test  of  the 

first  group,  and  e°  being  the  minimal  test  of  the 

second  group;  then  a)  if  •**»  ®it 

test  for  the  second  group,  then  e^g,  ...,  is 

a  minimal  test  for  the  entire  product;  b)  if  any 
minimal  test  of  the  first  group  is  not  a  test  for  the 
second  group,  then  e^,  ...»  is  a  minimal  test 


fig.  S 


Fig.  9 


for  the  entire  product. 

The  given  rules  do  not  exhaust  other  possible 
measures  that  facilitate  the  compilation  of  the  test. 

To  the  contrary,  searches  for  effective  rules  make  up 
one  of  the  important  problems  in  test  theory. 

Certain  other  measures,  vhich  permit  a  simpler 
construction  of  the  test,  are  described  in  the  following 
chapter. 

Example,  In  conclusion  let  us  give  an  example 
of  the  construction  of  a  minimal  test  by  the  two  methods, 
in  the  case  when  the  permissible  faults  are  the  opening^ 
or  the  closing  d'  ^  single  contact.  Taking  into  account 
rule  III^,  it  is  enough  to  construct  tests  for  the  case 
of  closing  and  opening  separately.  The  first  method 
illustrates  the  rules  I^j 

whereas  the  second  explains  the  geometric  method  of 
constructing  tests. 

Let  us  consider  the  network  shown  in  Fig,  9) 
which  realizes  the  function 

/„(•',  '/,  2.  v>)--  :njzw\/xy2u'\/:i!fZu-\/  fyzw\/T!/zu\ 

Figs,  10  and  11  show  the  states  of  the  networks 
for  different  values  of  the  assemblies;  the  asterisks 
mark  those  contacts,  the  faults  of  which  (closing  in 
Fig.  10  and  opening  in  Fig.  11)  convert  the  network 
to  the  opposite  position  (in  the  sense  of  admittance). 


i  i.  0.  u  !  !  ! 


i  0 !  i  i  i  0  i  0 


/C-  ----  /lO' 


Let  us  consider  first  the  cases  of  closing  (Fig,  10) 
\4e  see  that  the  single-term  factors  will  be  assemblies  5 
and  9.  They  represent  the  following  breakdown  of  the 
i  fault  functions 


1 


°\o,  1,  2,  3,  4,  5,  7,  8,  9,  *0,  11,  12 
’^to,  1,  2,  3,  4,  5,  7,  8,  9,  U.  12 


0-  1 

i  1V7V11 

1-2 

1  V/2V7  V  11  V12 

2-3 

2VSV12V14 

i  ft*2 

2V12 

1-3 

1  V7  V8  V  13  V14 

2-4 

1V7V12 

!  0*3 

8V14  • 

1-4 

2V  11 

2-5 

2  V  11 

0.4 

1V2V7 

1-5 

<  V7V12 

2-7 

2V4V12  V15 

0-5 

13  V  12 

1  •  7 

ti  v4y7vii  vir> 

2-8 

1  V8  V12 

(1  •  7 

4V15 

1  -8 

2V7V8V11 

2-9 

2  V?  V  12V14 

0  •  8 

1  y  2  V  8 

1  •  9 

1  yii  V14 

2  •  11 

12  V15 

e  ■  9 
0.  H 
0-12 

7  V  14 

2  V  15 

1  V4V8 

1  .  11 

1  .  12 

iy2V7Vii  V15 

4  V?  V8  Vll 

2-12j 

1  V2V4V8V12 

3-4 

1  V2V7V8V14 

4-5 

i  V2V7V  11  \/12 

5  •  7 

4 Vll  V,12V15 

3-5 

8V11  V  12  V  14 

4 . 7 

1  V2V4V7  V15 

5  -  8 

1  V2V8V  11  V12 

3-7 

4  V  8  V  14  V  15 

4-8 

7V8 

5  •  9 

7  Vll  V12Vt4  • 

3  •  8 

1  V  2  V  14 

4-9 

1  V  2  V  14 

5  •  li 

2Vn  V12V15 

3  •  9 

3  ■  13 
3  •  12 

7  \/8 

2  V  8  \/  14  V  15 

1  V4V14 

4  •  11 
4  ■  12 

1  V  7  V  15 

2  V  4  V  7  V  8 

5  •  12 

1  V4  V8V  11  V12 

7  •  8 

1  V  2  V4  y  8  V  15 

8  -9 

1  V2V7  V8V  1^ 

9  •  11 

2V7  V14  V  15 

7  ■  9 

7  •  11 
7  .  12 

4  V  7  V  14  V  15 
2V4 

1  V8V  15 

8  ■  11 
8  .  12 

1  V8V15 

2V4 

9  •  12 

1  V4V7V8V14 

13  -  12il  V2V4V8V  15 


Thus,  in  the  case  of  closing  we  obtain  (taking 
into  account)  the  following  expression  for  TT , 

nr  5  ■  9  (2  V/  12)  (8  V  (11  V  12)  (“I  V  V  14)  (2  V  15)  (2  V  11)  ' 
.  (12V  1'')  (7  V8)  (2V4)(1  V7  V  11)  (1  V2V'^)(1  V2V8) (IV^V^)* 
.  (1  V  7  V  12){1  V  11 V  l^i)(l  V  SV  12){1  V  2  V  I'l)  (1  V^Vl^)  (1 V7  V 15)  * 

.(1V8V15) 


st  US  novj  proceed  to  the  construction  of  the 


minimal  tes 


First  Method c  Since 


(1 1  V  2)  (5  ^  V  ^2)  =-  1  i  V  2  •  12, 

(  h)  \/  2)  (15  V  12)  rrz  1 0  \/  2  •  12, 

(1  V  7  V  2)  (1  V  7  V  12)  -^  1  V  V  2  •  12, 
(1  \/  8  V  2)  (1  V  ^  V  12)  1 V  8  V  2  •  12, 


v?e  obtain 


lli:-:=r).9((2Vl2)(ll  V2  •  l2)(ir.V2-12)(1  V  ^  V2-12)n\'^'^^V 

X  1(2  V  -I)  (1 V  2  V  I'D  V  I'l)  (''i  V  I'O  0  y  y  i  ^  y  y  ^  ^ 

x(i  V  V «) (1 V 1’^  V  V  y  y*)  ^  '''■’  ‘  ' ■ 


Since  2  and  12  enter  in  the  first  curly  bracket  symmet¬ 
rically  ^  and  only  2  eaters  into  the  second  bracket,  the.r 
according  to  IJIp  the  ninlrnal  test  shoxxld  contain  2. 

In  addition,  according  to  III^  the  m.iniEal  test  contai.r 
5  and  9.  After  choosing  the  indicated  elements  we 
--move  from  the  Tt  all  the  factors  containing  these 


elements  as  terms 


VJe  obtain 


V i2)(i5v i2)(i v7 V i2)(i ysy  i2)(8v  i''0('''y 
.(7vi4)(7v8)(iy7vii){iv^^v8)(i  V  V  i‘i)(iy'^y 

.(1  V7\/ 15)(i  V8V  l->)- 

'T’.akiiF  into  considera.ticn  that 

(7  V  S)  (8  V  y*)  (7  V  7 . 8  V  7  •  14  V  8  •  14. 

(1 V  7  V  12)  (1  V  7  V  15)  (1 V  8  V  12)  (1  V  8  V  15)  --- 1  V  7  •  8  \/  12  ■ 
(I  V  4  V  8)  (1 V  4  V  14) 1  V  4  V/  8  •  y, 

(1 V 11 V  ’^)  (1 V 11 V  I'l) = 1  y  11 V  7  •  14. 


V/ 


ve  obtain 

nE'=(KHVl2)(15V12)(4V1'^)H7'8V7-  I'iVS-  1^*1)  ’ 

.  ((1  V  7  •  8  V  ’2  •  15)  (1 V  4  V  8  •  14)  (1  V  H  V  7  •  14); . 

.The  second  curly  bracket  has  a  minimal  test  lo  The  first 
curly  bracket  breaks  down  into  two  factors  without 
common  elements)  and  therefore  its  minimal  test  is  a 
combination  of  the  minimal  tests  for  these  factors  (lUi). 
The  first  factor  has  the  following  minimal  tests:  4,  12: 
15,  11;  and  15  12;  the  second  factor  has  the  following 

minimal  tests:  7?  8;  7)  l^i-;  and  8,  14. 

Thus,  the  first  curly  bracket  has  9  m.inimal  tests j 
andinone  of  these  is  a  test  for  the  second  curly  bracket. 
Hence  by  the  minimal  test  for  TT^  is  the 

of  any  minimal  test  for  the  first  curly  bracket, 
let  us  say  11,  15,  7,  8,  and  the  minimal  test  for  the 

second  curly  bracket,  l.e.  1. 

V/e  have  the  following  minimal  test 

1,  2,  5,  7,  8,  9,  It  u  15, 

In  the  case  of  opening  (see  Fig.  11)  we  have  the 
following  one-term  factors:  0,  3,  6,  10,  and  13.  These 
assemblies  carry  out  the  complete  breakdown  of  all  the 

fault  functions  for  openings.  In  fact 

(0,  2',  4h  5',  8'.  9',  12' 

3',  7',  11' 


lO,  4',  8',  10' 
3  2’,  .7,  9',  12' 


iY 


iT,  if  j2',  r>', 

y  {  12- 

j.'r  jO,  10'  (2',  0- 
‘il’  i  4'  O' 


|0,  4',  tO' 

'i  8' 

.  (O'  i  0  !  7 
*12'  \10'  pi 


Fron  this  we  have 


IlE  -0. 2.  G  •  10-  12. 


Consequently  0^  3^  6^  10^  and  j3  is  the  only  minimal  test. 

Note*  The  process  of  constructing  a  test  usually 
contains  a  large  number  of  calculatio.iis ^  and  unereiore  it 
is  sensible  to  verify  in  the  e.rLd 'whether  the  constructed 
sot  of  assemblies  ^actually  b.  tost«  ior  ijiis  purp<-.^s-d^ 

a3in.g  the  co.nstruetecl  assemblies*^  one  breaks  dcvn  the 
fa.ult  functions?  if  the  break^^down  is  complete ^ 
fo3'  each  pair  (f,p  i’P  €  exists  in  the 

cf’ps tT’ucted  set'  siy  a.3seiBt'ly  such  tnai  fj  (e.*  ■/"  i  ^  H.  /  5 
we  have  a  test.  In  the  opposite  ease  the  set  is  not  a 
test.  An  exaraple  of  such  a  verification  was  given  in  tne 
example  considered. 

Second  Method,  Starting  out  u-ith  the  expressxon 

for  'V"£:  (see  p.  29I  /of  source/)  and  using  the 

descrintion  II„,  we  obtain  the  sieve  shown  in  Fig.  12. 
d 

For  the  purpose  of  economy  of  space  5  the  sieve  is  cut 
up>  into  four  parts.  lo  restore  the  initial  pic  lure  j.t 
Is  necessary  to  consider  each  lower  rectan.gl:e  as  a 


^3 


direct  continuation  of  the  rectangle  located  above  it. 

In  Fig.  12  the  heavy  dotted  line  and  the  heavy  segments 
indicate  the  separated  subset  of  the  sieve. 

IV,  Construction  of  Sufficiently  Sinicls  les^s. 

One  can  be  satisfied  vith  the  construction  of  not  a 
minimal  test,  but  a  test  which  is  sufficiently  good  in 
that  sense  that  its  length  does  not  exceed  too  strongly 
the  length  of  the  mihimal  test.  This  question  has  a 
greater  significance  if  the  construction  of  the  indicated 
test  is  essentially  simpler  than  the  construction  of  the 
minimal  test, 

VJe  shall  now  indicate  how,  starting  out  with  the 
T£  expression,  one  can  rather  simply  construct  an  test 
which  is  quite  satisfactory.  However,  the  question  of 
how  much  this  test  differs  from  the  minimal  one  remains 

moot . 

The  construction  of  the  test  reduces  to  the 
following. 

1,  In  the  7^^  expression  we  choose  the  eleraeno 

ej  ,  which  is  encountered  in  the  largest  number  of 
^l’  ' 

factors  (if  there  are  a  few  of  them,  we  take  anypne  of 
these), 

2,  We  cross  out  from  the  expression  the 

factors  which  contain  the  chosen  element  e^^  and  obtain 


If 


If  IT-^*  is  empty 5  then  the  test  is  e 


is  not  empty,  then  applying  items  1  and  2  to  the 
e'vpression,  we  obtain  ©4  ?  etc*  ihus,  ve  cs-i^ive  au  a 


test 

4*  Construction  of  Tests  for  Pual, Sjrsjems^ 

In  the  theory  of  relay“Contact  networks,  sometimes 

knowing  ^  netwh^-k  ,  which  realises  the  function 

f  (y  ,  ■5t„,  5:  ),  it  is  possible  to  construct  by  a 

1  I’  ■  2 ’  n 

simple  method  a  network  which  realizes  a  certain 

function  ^2’  ***’ 

The  question  arises  v;hether  it  is  possible  in 

some  cases,  Icnowing  the  test  for  the  netwrok 

to  find  a  test  T.  for  a  certain  network 

'd. 


laborious  calculations# 

To  formulate  the  result  let  us  give  a  series  of 


definitions*. 

Definition*  The  function  f’''  s  f(?^5  ^2-’-  ***’ 
is  called  dual  to  the  function  ^2’  *'*’  ^n^* 

Definition*  A  network  is  called 
the  network  which  is  obtained  from  ^  by  joining  a 
source  circuit  between  the  poles  can  be  homomorphically 
placed  in  a  plane. 

Definition.  A  network  is  called  dual  with 
xespect  io  planar  network  ^  if  it  is  constructed 


together 


in  the  following  manner*  The  planar  network  HI 
with  the  source  link  breaks  up  the  plane  into  regions. 

We  choose  in  each  plane  one  point  —  the  vertices  of  the 
future  network.  For  the  poles  of  ^  *  v;e  take  those 
jVertlces,  which  correspond  to  the  regions  that  have  the 
source  circuit  as  part  of  the  boundary.  Next,  each  two 
vertices  of  "network  is  joined  by  means  of  contacts 

^i2»  ^il’  ^i2’ 

contacts  located  on  the  boundary  between  the  correspond¬ 
ing  regions;  if  both  vertices  are  poles  of  we  join 

them  with  the  source  circuit. 

Example,  Fig.  13  shows  by  means  of  solid  lines 
the  network  and  the  dual  network  is  shown  dotted. 

From  the  definition  it  follo'ws  that  is  a 
planar  network. 

As  regards  the  dual  networks,  the  following 

theorem  is  known,  obtained  by  C,  Shannon  /7/« 

Theorem.  If  a  function  ^2*  •••?  is 

realized  by  a  planar  network  then  the  dual  network 

*  realizes  the  dual  function  f*(x^,  X2?  •••) 

Proof,  Let  us  run  briefly  through  the  proof  of 

this  theorem.  Let  the  network  realize  the  function 

f'(x  ,  x^,  ...,  X  ).  bet  us  consider  the  arbitrary 
1’  2’  n 

assembly  Two  cases  are  possible. 


a(  s  ...}  o()=l*  This  means  that  in 
X  2  ^ 

the  netvjork  ^  there  is  a  path  that  joins  the  poles  a 
and  b,  and  in  the  relay  states  all 

the  contacts  along  this  path  are  closed.  Corresponding 
to  this  path  in  the  netvJork  iTL*  Is  a  set  of  contacts 
(of  equal  designation  as  the  contacts  of  the  path 
considered).  VJith  this,  if  all  these  contacts  are  open, 
and  this  takes  place  for  the  relay  states  ^  •**’ 

^  then  the  network  is  open  and,  consequently, 

f’(  5^1,  ..*5  =  0. 

2)  f(cx:  ,  dC  )  r  0.  In  this  case,  for 

X  2  n 

the  state  of  the  relay/ oC  the  network 

is  open.  It  follows  therefore  that  there  erists  a  path 
in  the  network  0l  joining  the  poles  a'  and  b'.  (//ith 
this,  this  path  passes  through  the  open  contacts  of 
the  network  ^  .  The  latter  means  that  at  the  relay 


states  oL  ,<><0  5 


all  the  contacts  on  the  con¬ 


structed  path  .are  closed.  We  obtain 

f  (^i«  ' 

Thus ,  in  both  cases 


,  x„) 


f'{Xy,  xj— /(I'l,  •«„)  =  /*  {<ti,  X,,)- 

The  theorem  proved  makes  it  possible  to  construct 
from  a  planar  realization  of  the  function  f('>fq)  kp?  •••? 


x  )  a  network  for  the  function  fCx-, 

'  n  ^  jt, 

Assume  that  a  planar  network  ^  realizes  the 

function  ^2’  **’’  ^n^*  denote  by  M  the  set 

of  faults  of  the  network  (closing  or  opening  of 

contacts).  We  have  seen  that  to  each  fault  a  ^ 

there  corresponds  a  fault  function  ^2’ 

The  fault  a  breaks  down  the  set  of  all  the  contacts  of 

the  net^'iork  ^  into  three  subsets:  k^?  aad  k^j 

where  k^  consists  of  the  contacts  which  are  short 

circuited,  k^  of  the  open  contacts,  and  k-  of  the 

remaining  contacts.  It  is  obvious  that  corresponding 

to  this  breakdown  of  the  contacts  of  the  network  ^  is 

a  breakdown  of  the  contacts  of  the  network  (the 

breakdown  is  generated  by  dual  correspondence). 

Let  us  consider  the  fault  a*  (dual  to  the  fault  a) 

of  the  network  ^  *,  at  which  all  the  contacts  of  the 

set  k  are  open,  the  contacts  of  set  k„  are  short 

circuited,  and  the  remaining  ones  are  in  j^roper  working 

order.  We  denote  by  K*  the  set  of  faults  a*  of  the 

network  (Tt*,  where  a  runs  through  the  set  M.  From  the 

preceding  theorem  it  follows  that  the  fault  function 

f*  . . .  )  of  the  network  corresponding 

a*  1’  2’  ’  n 

to  the  fault  a*,  is 

Xj....,  a:J=[/„(rp  . X,)]*. 


^0  — 


‘It  foliar's  therefore  that  if  f  (x.  ,  »...  x  )  is  the 

fault  function  of  the  network  fl  ,  then  the  fault_ 
function  f*j..(x^  ,  .«.5  x  )  for  the  fault  a*  of  the 

network  (/‘I*  is  dual  to  x„,  .,.5  x  )» 

Let  9?^  he  the  set  of  different  fault  functions 
of  the  network  tl  corresponding  to  the  faults  K,  Then, 
denoting  by  the  set  of  fault  functions  of 

the  network  corresponding  to  the  faults  M*.  Let 

be  a  certain  subset  of  unordered  pairs  of  functions 
(f  ,  f  )  of  the  set  "tfi  ,  excluding  the  pairs  (f^^,  f. ) 

B.  u 

where  f  s  f  .  We  place  this  subset  in  correspondence 
a  h 

with  the  subset  '31*  of  the  nalrs  (f*^) 

a*  b^ 

^  Obviously,  does  not  contain  pairs  of  the 

form(f^.,  f*^)  where  f*^  a  ff*  ?  since  we  would  have 
froia  the  foregoing  result  (f^)*  —  ^  ^b’ 

vhi.ch  contradicts  the  definition  of  the  set  . 

Theorem.  Let  T  =:  *^2’  ***’  ^ 

test  relative  to  the  subset  ^  for  the  network 

and  then  T*  =  i  ^2’  ^ 

realtive  to  the  subset  Ti*  for  the  network  and 

vice  versao 

Proof,  In  fact,  let  ^2’  *’*  ^n^’ 

Xg,  ...,  x^))  6  7h  •  Since  T  is  a  test,  there 
exists  an  assembly  ^  2^  *’*’  ^ ^  such  that 


^(®l»  ®8»  •  •  •«  ®»)* 

Prom  this  we  obtain 


/eeC^ll  Mf  ^  »S 

•  *i  ^)l  (%8  ^ 


Taking  into  consideration. the  connection  between  the 
fault  functions  of  the  network  ^  with  the  fault 
functions  of  the*  network  we  obtain 


Consequently  ,  is  a  test  relative  to  ^2*  for-,  the- 
network 


The  inverses  statement  follows  from  the  follovrlng 


relations  s 


Corollary.  Corresponding  to.  the  inlninsal  test 

with  respect  to  of  the  network  is  a  minimal  test 

witli'respfetst  to  of  the  network  ^ 

Exaiaple «  For  the  sake  of  illustrating  the  proved 

theorem^  let  us  give  an  eTainple  in  which  we  construct 

in  parallel  a  test  for  a  planar  network  and 

a  dual  netx'jork  j  in  the  case  when  the 

permissible  fault  is  the  closing  or  opening  of  some 

single  contact,  Attentioxi  should  be  called  here  that 

o /"contact  in  netwox^k  ^  corresponds  to 
A- 


the  closing 


opening  of^contact  In  network  and  vice  versa.  As 

in  the  preceding  examples,  cases  of  closing  and  opening 
of  the  contacts  are  independent,  and  are  therefore 
analyzed  separately. 

;  Network  (Fig.  l4)  realizes  the  f miction 

y,  s,  u‘>)=:j:yzw\/r.gziT}\/ 

V  iySiS  N/  Xyzw  \/  ocyiw  \/  xyzw  V 
V  xySw  y  xyMr  y  xyzw 

while  network  (j\^*  (Fig,  15) j  which  is  dual  to  network 
realizes  the  function 

y,  z,  uy)~  fyv<'yxyiwy 
y  xyzw  V  xymy  xyzifyy  xym  y  ri/zu' 

The  fault  functions|in  the  case  of  closing  (network 
)  are  shown  in  Fig.  l6,  while  the  fault  functions  for 
the  case  of  opening  (network  are  shown  in  Fig.  17* 

By  gathering  together  the  states  of  the  networks 
for  different  values  of  the  assemblies  shown,  in  Fig,  l6, 
we  obtain  a  table  for  the  fault  functions  for  closing 
(Table  3),  Similarly,  by  gathering  the  states  of  the 
networks  for  different  values  of  the  assemblies  shown 
in  Fig.  17,  we  obtain  a  table  of  fault  functions  for 
opening  (see  Table  4), 
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111  =  6.9. 15  (8  V  6)  (3  V  12)  (3  V  10} 
(3V12)  (lOV  12)  (3V10. 


The  expressions  for  IT^  go  into  each  other  when 

the  assemblies  are  replaced  by  their  duals.  It  follows 
•-to. 


therefore  that\lach  test  of  one  expression  there  cor- 
A 

responds  a  test  of  the  other  expression,  and  vice  versa 
•'  For  the  case  of  opening,  the  fault  functions  are 
shewn  in  Fig.  18,  and  for  the  case  of  closing,  the 
fault  functions  are  shown  in  Fig.  19* 


Gathering  together  the  states  of  the  net^^forks  for 
different  values  of  the  assemblies  shown  in  x'ig.  18,  we 
obtain  the  fault  functions  for  the  constructed  functions 
(Table  ?).  Similarly,  gathering  together  the  states  of 
the  networks  for  different  values  of  the  assemblies 
shown  in  Fig.  19,  we  Obtain  Table  6  for  the  fault 
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As  in  the  preceding  case,  we  verify  that  to  each 
test  of  one  expression  there  corresponds  a  test  of  the 
other  expression,  and  vice  versa. 


^ _ Single  Tests 

As  follovs  from  the  definition,  the  form  of  a 
test  for  verifying  one  and  the  same  network  0}/, 
realizing  a  function  f(x^,  Xp,  depends  on  the 

choice  of  the  set  In  other  words,  tne  forai  of  t.he 

test  depends  on  the  fixation  of  the  permissible  faults, 
and  also  on  the  degree  of  detail  to  which  it  is 
necessary  to  carry  out  the  analysis  of  the  faults. 

From  this  point  of  view^  it  is  possible  to 
classify  the  tests.  Vie  shall  not  dwell  in  detail  on 
this  question.  We  shall  note,  however,  a  few  types 


of  tests. 

1.  A  single  test  for  the  detection  of  a  faulty 
contact,  when  it  is  known  beforehand  that  the  fault 
(closing  or  opening  of  the  contact)  is  possible  for 
any  coiixtectj'  *bu’t  eX£>o  for  ono* 

2,  Test  of  a  relay  for  detecting  faulty  relays 
the  permissible  faults  ar©'  la  short  circuit  or 

an  open  circuit  in  the  device  that  coiitrols  tne  con 
nection  of  the  ipower  supply  to  the  relay  winding. 

In  this  case,  as  can  be  readily  seen,  the  form  of  the 


'test  depends  only  on  the  function  and  is  independent  of 
the  choice  of  the  network  that  realizes  the  given  - 
function. 

3»  Complete  test  for  the  detection  of  faults  in, 

^contacts,  when  the  permissible  faults  are  a.  shorting  orr 

jitl’ 

opening  of  any  contact  (possibly^  of  several  contact's 
simultaneously).  It  is  obvious  that  any  test  for  a 
contact  ndtwotk  is  contained  in  a  certain  complete  test. 

It  is  important  to  note  here  that  although  the 
form  of  the  test  depends  on  the  choice  of  the  set  ,  ( 

which  in  the  final  analysis  depends  on  the  structure  of 
the  network,  In  many  cases  one  can  start^not  from  a 
specification  of  the  set  ^  ,  but  from  a  list  of  certain 
requirements  which  are  independent  of  the  form  of  the 
network.  This,  for  example,  is  the  situation  for  the 
foregoing  types  of  tests.  In  those  cases  when  the 
problem  is  formulated  in  terms  which  do  not  take  into 
account  the  structure  of  the  network,  it  becomes  ^ 

meaningful  to  raise  the  question  of  comparing  tests 
corresponding  to  different  networks. 

Let  N  be  the  shortest:  length 

5^27 

of  the  test  in  the  examination  of  all  the  network 
realizations  of  a  function  x^).  Let 

t  (n)  s=  max  tf  (n,  »«)» 


furthermore 


where  max  is  taken  over  all  the  functions  of  algebraic 
logic }  which  depend  on  n  arguments.  Then,  naturally, 
the  following  problem  arises . 

What  is.  the  asymptotic  erpression  for  the  function 
t(n)  for  any  type  of  test?  It  is- clear  here  that 
t(n) 

For  example,  it  is  unltnovn  whether  t(n)  S  2 
in  the  case  of  complete  tests.  In  other  words,  how 
sensible  is  the  formulation  of  the  problem  concerning 
a  minimal  test  (see  note  in  connection  with  the  defini¬ 
tion  of  the  complete  test). 

Along  with  these  questions,  one  must  also  raise 
several  other  questions  concerning  tests. 

1)  How  are  tests  changed  when  networks  are 
transformed? 

2)  Let  'Iftl  be  the  set  of  different  fault 
functions  of  the  network  ^  for  a  given  type  of  test. 

VJhat  is  the  estimate  of  the  cardinality  of  the  seb  ^^t^? 

(in  this  way  we  can  obtain  an  estimate  for  t(n)). 

Let  us  proceed  now  to  a  more  detailed  examination 
of  unit  tests.  Vie  are  concerned  with  unit  tests  because 
this  case  is  in  some  sense  the  simplest  *  Whereas ,  for 
example,  in  the  case  of  a  complete  test,  even  for  simple  _ 


U7 


netvjorks  with  5  or  6  contacts,  large  calculations  are 


necessary  to  construct 

the 

table.S'  of  fault  functions 
n 

(if  t  is  the  number  of 

net\ 

vork  contacts,  3  "faults 

are  possible). 

Since  for  any 

£  ;> 

0  one  can  indicate  such  a  Ji, 

th8,t  any  function  of  n 

> 

K  arguments  ca.a  be  realized 

with  3,  network  with  a 

number  of 

cent.' 

5.cts  .not  greater 

then  (1  4  a  )  '1  1'^ 

then 

for 

n  N 

')n  +-;i 

/  («)  (S j)  . 


The  latter  follovhs  fror.i  the  fact  that  the  length  of  the 
test  does  not  exceed  the  nunher  of  all  the  fault  functions 
It  fellows  from  this  resu.it  that  v;hen 


‘V.- 


a>.S(l-f 


thf:',  problem  of  finding  the 
meaning  in  that  the  length 
speaking,  amounts  to  8/n  o 


mini  meal  test  has  a  full 
of  the  minimal  test,  roughly 
f  2'"'  —  the  length  of  the 


trivial  test. 

t/e  have  seen  in  Sec.  3  that  a  unit  test  breaks 
up  into  tvjo  independent  (non-intersecting)  tests  s  a 


test  for  a  short  and  a  test  for  an  open  circuit.  Conse 
quently, 

the  problem  of  the  construction  of  a  single  test 
breaks  down  into  tvio  independent  problems. 


For  further  analysis  it  is  useful  to  investigate 


the  tests  fron  the  geometrj-Cal  point  of  viev . 

Let  f(T, ,  x„,  ...5  X  )  be  realized  by  the  network 
,  To  each  function  f(>r,  ,  Xp,  ..*5  x^)  one  can  sot 
in  relative  unique  correspondence  a  certain  subset  P 
of  vertices  of  a  unit  n •"dimensional  cubef  precisely^ 

P  is  a  set  of  all  such  points  >CK  =  ***’  n} 

that 

For  example  (Fig.  20) 

/(.r,,  x^,  r3)=:a;i4-a-£-f-Xg  (inod2), 

/>=r  ((1,0,0),  (0,1.0).  (0,0.1),  (1,1,1)}. 


Let  us  put 


where  TH  is  the  set  of  fiault  functions  in  the  case  of 

q. 

a  single  closing,  7fl^  the  set  of  fault  functions  in  the 
case  of  a  single  opening.  We  denote  by  Q  the  set  of 
’'closings",  i.e.,  the  set  of  all  those  vertices  of  the 
n-dimerisional  cube,  in  each  of  which  all  the  functions 
from  do  not  assume  one  and  the  same  value.  Analo~ 

q 

gously,  R  is  the  set  of  points  of  "openings,"  i.e,,  the 

set  of  all  those  vertices  of  the  n-dimensional  cube, 

in  each  of  which  all  the  functions  from  ^  do  not 

r 


assuiae 


one  and  the  sarae  value 


OTaviously  we  have 


Q  Cl  C  P  (complement  to  P),  R  CP. 

We  introduce  on  the  set  of  the  vertices  of  the  unit 
n-dimensional  cube  the  following  metric  (see 

p(a,  — ...  +1*-, 

Let  M  be  a  certain  subset  of  the  points  of  the  vertices 
of  the' unit  n-dimensional  cube.  Vie  denote  by  S(M,  1) 
the  set  of  points  p  of  the  unit  n-dimensional  cube,  such 
that  there  is  found  a  point  m  ^  M,  for  which 
(p  (p,  m)  r  1. 

We  consider  the  set  P  ^  S(P,  1).  Those 
assemblies  from  Q,  which  enter  into  this  set,  are 
called  false.  False  assemblies  are  due  to  the  presence 
of  false  circuits  in  the  network  (compare  with  Sec.  l3. 

Vie  note  that  the  set  Q’  can  coincide  with  CP  and 
R  can  coincide  with  P.  For  this  purpose  it  is  necessary 
to  realize  f(x., ,  t  ,  .«.,  x  )  by  means  of  a  H  network, 
corresponding  to  the  conductive  normal  form  and 
respectively  to  the  disdunctive  normal  form. 


Chat^ter  II 


Methods  of  Constractin;^  Tests  for 
Individual  Classes  of  Ifvtv.'ct’ks 
The  investxra.tions  of  Cr-apter  I  shov/  that  the 
general  algorlthrri  Is  too  cunborsome  even  in  the  case  of 
construction  of  Kinirial  single  tests.  Apparently,  the 
cun'bcrnorL'.eness  cf  this  algcrithn  Is  due  to  its  ixrtiver- 
sality  (i,e.,  duo  to  the  circursrtance^that  it  is  suit¬ 
able  for  any  function  ’'2’  **’’  ''tn^ 

network  |;1  that  realir^tos  It).  One  could  dispense  with 
the  reouhreniont  cf  rvinir-ality,  replacing  i  t  witi;  the 
requiroBent  that  the  length  of  the  test^,  for  the_  net¬ 
work  ,  realiring  the  function  f  (x.^ ,  x^,  •••s 
have  axi  order  not  exceeding  the  order  t(n),  i.s,,  t-ne 
order  of  the  greatest  lengtln  of  all  the  lengths  of  the 
mlnin'al  tests  over  all  the  functions  of  n  arguriients. 

We  shall  not  touch  'upon  this  question.  One  can  advance 
here  the  assui'iption  tnat  the  general  algorithris,  a.-.,  in 
the  ease  of  the  synthesis  of  relay-contact  networks, 
v.’ill  give^  f or  individual  networks  (although  they  are 
simpler  than  the  common  algorithm  for  the  construction 
of  the  minimal  test  greater  deviations  from  the 
minimal  test.  Taking  these  considerstions  into  account, 
one  can  indicate  tvjo  paths  in  test  theory i  on  tne  one 


7^  — 


hand,  one  can  forgo  an  examination  of  all  the  functions 
and  all  the  networks,  and  on  the  other  hand  one  can 
modify  the  concept  of  a  test,  for  example  require  that 
the  error  occur  with  a  probability,  say,  greater  than 

1  » . 

In  the  present  chapter  we  shall  touch  upon  the 
first  Bide  of  the  matter.  Her©  the  problem  of  construc¬ 
tion  of  te'its  is  solved  for  individual  classes  of 
functions  with  allowance  for  the  slngulaplttearnf  the 
synthesis  of  the  networks#  In  these  considerations ,  a 
decisive  role  Is  played  not  by  the  table  of  functions, 
but  by  the.  method  of • specifying  the  table  takes  into 
account  certain  contenfuX  singularities  of  the 
structure  of  the  functions. 


6#  Tests  for  Networks  that  Realize  Elementary 
Symmetrical  Functions 

In  the  study  of  symmetrical  functions  from  P2?  ^ 
fundamental  role  is  played  by  the  so  called  elementary 
symmetrical  functions,  i.e.,  functions  of  the  form 
(ar,,  ....  x,)=  V  ‘  • 


•••  4*®#— 

f  X  <j  =  0, 


r'  — 


a;  6  =  1, 


13 


f Vino t Ion  S  a  value  of  1  for  those 


3iid  only  those  assariiblies  5  ^  v-X  )  In  vhlcn 


1  is  enco-untered  exactly  k  times. 


As  j,s  krio'vn.  /v/,  the  funcn.  Ic:.  ""o 


?  .  * 


an  bo  realised  by  a  notv/orn  V 


0  n  ^ 


v;lv;h  kvi'i  •“  k  4  1;  4 


4  Kn 


k)(k  4  i)  contacts  (Fia.  FI),  ^or  this  class  oi 


ietvn)T‘hfU  ci.;ertion  arises  of  the  constr^ 

xulTiciertrly  'hytod^'  slnr^lo  tent  for  tiering 


of  ixvt ere 


rvnoection  t;ith  the  fact  th 


the  (:  on  SI  rue 


1  c^n  of  a  ri  nrle  test  rfioucer  tv-'  tne 


tructlon  of  a  single  te-'t  for  closing  and  a  ringlo 
rok.  for  oneninr.  For  this  purpose,  v;e  establish  t 


j.  o  1  .i.or/iiU' 


.(’C  crtCui ,  i  u 


one  can  cons c rue 


'03-  the  net'Aork  )S  v? 


n  -  k)  >.  2 


ingle  shortki?elv  v  of  length  t, 


■oi'iere 


i ' '  (n  - . 4-  -I- 1)  (k . 2)  -j-  (n  --  4)  -f  -  |  '-■-■-,.*.±1  |  ..f  2  npa  k  >  3, 


t  <  (k  -f  :!}  (n  -  k  --  2)  +  k  4--  rri-fj  4 

L.  ,J 


Li'j.4.2  njni  . A- >3, 


/ —:  7  np;.i  n~-4,  2 

/;r-4  npu  r.~3,  k-^  i,2 


max(k,  n  —  k)~-2. 


For  convenience,  ve  rerjanner  tne  eo 


CO nt net: 3  of  the 


letworh  V..  ,  in  t>ie  foil cw:.  nr  nonner;  wo  intrcouce  a 


n ,  K 


systeTA  of  coordinate;?, 


r.  indicator 


r  1 «  r.  .L  ^  cj, 


ind  sot 


^ir 


in- correspondence  each  ■•horizontal"  (oloaing)  contact  the 
coordinates  (1,  of  its  left  end  (the  first  CO- 

ordinate  is  reckoned  along  the  horiEcntal  aris,  the 
second  along  the  vertical  one),  and  to  each  ■  ver'oX'.(.-i.t, 

,  v  .  4.  « ,  ^  ^  ^  -5-  V-  r-  /-I r*  't.  ■tr’  r'  n  P  <'■'  P  I"  h  6  C  O  O  T  Ci  1 H.  B.t  8  S 

(opening)  conract;  eeu  in  coi 

(i,  j)^.  of  its  upper  end.  Obviously,  for  the  co¬ 
ordinates  (i,  ve  have  0  1  k  -  1  and 

0  ^  j  n  -  k;  for  the  coordinates  (i,  3)^  we  have 

0  ^  i  ^  k  and  0  4  3  <  ■" 

We  shall  construct  a  test  in  the  form  T  =  4  Tg  •* 

4  T.  4  T.,.  Simultaneously  ve  shall  verify  that  vith  the 

ald'if  T  one  can  establi-sh  any  single  closing  in  the 

network  V  ,  and  thereby  prove  that  T  is  a  test,  he 
0  n  ^  k 

put  k  ^ 

1)  With',  the  aid  of  the  assemblies  T-j_  we  determine 
that-  a)  either  a  vertical  contact  is  out  of  order,  b)  or 
else  a  horizontal  contact  is  out  of  order  or  the  circuit 

is  in  yoT'lclng  order. 

Let  the  aggregate  T,  of  the  assemblies  be  ciefinea 


m  the  follcv.’ing  manner: 


—  7i' 


On  the  assembly 

<-i  t-ti 

0  ...  0  rTTTT  0  . . .  0 

the  correct  network  ■/  ,  assumes  the  form  shown  in 

n,k 

Fig.  22. 

Consequently,  the  network  operates  if  and  only  if 
a  single  closing  is  contained  in  the  vertical  contacts 
of  the  £-th  horizontal  strip.  If  for  all  the  assemblies 
the  network  does  not  conduct,  then  either  the  network 
is  in  working  order  or  else  there  3s  a  single  fault  in 
the  horizontal  contacts.  Ir'Je  note  that  here  in  the  case 
of  a  fau].t  in  the  vertical  contacts,  we  establish  even 
the  strip  in  which  the  faulty  contact  is  located. 

2)  Let  us  assume  that  either  a  horizontal 
contact  Is  faulty,  or  else  the  circuit  is  in  working 
order.  We  shall  show  how  to  continue  the  atmlysls  of 
the  circuit  in  this  case.  Let  us  consider  the  set  Tg, 
consisting  of. two  assemblies 

a)  (TTTTo  1  ...  1 

B)  1  ...  t  0  •  • .  0, 

Obviously,  on  these  assemblies  the  network  assume  ^s 

correspondingly  the  forms  shown  in  Fig.  23 «  It  is  clear 
that  in  the  casA  nf  assembly  0^  the  network  conducts  if 
.and  only  if  the  horizontal  contact  of  the  1-st  column  is 


'  D  conducts 

faulty.  In  the  case  of  assembly  P^;t.iV*en  a  horizontal 

contact  of  the  last  (k-th)  column  is  at  fault*  If  with 

both  asscrnbl 

a  thivn  uc/ss 


i,  •■■..■  ■  ■■. 

the 

circvilt 

d  c 

^es  not  con 

'*  n.c  t . 

•4  le 

J.. 

'*  •'■  > 
.1  i  i... ; 

either 

>•  ’.  r*  t  vC  V 

'  •':  -'i 

vS  c 

the 

horlzc nta 

1. 

ccnr.nct  in 

the 

J  « 

(V/  ii,  O'  ia  k 

K 

^yin  this 

case^ 

c  j.  T'  Cl  u  j  t;  i  j  r;  iv  c:  rk  ^  n  f-  o  r (3  er ) . 

a)  Let  us  assmurno  now  that  r.lthor  the  network 
is  in  working  orders  or  else  a  hc-rlzontal  contact 


n  --  k  ] 


A  --  2  j 


k  --  2 


ft  k-J  A  1 

0  .  . .  0 


P )  is 

fao.it:,y.  1 

n  this 

of  asser; 

nj.ies 

fi  •■■• 

k  A'-Ci 

in 

ounoi  .  . 

jn 

V  .  .  , 

0''inii  .  .  . 

101 

U  ~k 

— : 

0  .  .  , 

0101 J1  ,  .  . 

IJO 

t*  .  .  * 

iujon  .  .  , 

JIO 

CM  111  ,  .  , 

010 

h'>i  , 

.  110  ..  . 

1 1 0  . 

.  no . . . 

u 

ni  .  . 

.  010  .  .  . 

0 

i 

assfiTihly 

in  the  ,1- 

•th  bco: 

* 

k . 

. .  1  0  '1 

...10.. 

.  0, 

m 


With  this  assembly^the  network  assiraes  the  form 
shown  in  Fig*  24,  Consequently,  under  the  assumptions 
made  (k  ~  2  ^1  1.)  the  network  operates  if  and  only 

if  the  horizontal  contact  (i,  n  -  k  ~  j  4  1).^^  is  faulty. 

In  the  case  when  the  network  does  not  conduct  on  the 
assemblies  from  ,  it  is  in  working  order. 

j 

b)  A  horizontal  contact  of  the  first  (or  respect¬ 
ively  last)  column  Is  faulty.  Let  us  consider  the 
aggregate  of  assemblies  for  k  ^  3 

0  0 ...  0  0,'^"  ...  f 
0  0 ...  Q/f  0  1  f, 

0  0  /  ...J/Q 

*  . 

/  0  . . .  ...  0 
/  /  . . .  /  /O  0  .  ‘ .  0 

h  -  k  / 

This  aggregate  consists  of  the  assemblies  of  the  set 
and  the  fix‘st  a!3semblies  of  each  box  of  the  set 
k  s  2,  then  we  add  to  the  set  T2,  for  n  s:  3,  the 
assG'inbl^  0,  1,  for  n  —  4  we  add  the  assetnblies 

|o,  0,  1,  0  and  0,  1,  0,  0  j  =  T^.  Let  k  3.  Then 
(,1  4  l)-th  assembly  (1  ^  i  ^  n  -  k  4  1)  the 

network  has  the  form  shown  In  Fig.  2?, 

Let  us  write  out  the  table  of  fault  functions 
corre.sponding  %«  respectively  to  the  contacts  (0, 

(0,  l)j3.?  •••!  ^'h’ 


e  *  «  ^ 


(k  -  1,  n  -  k the  Indicated  asp.einblles 
“  with 

(Table  7).  It  ir>  seen  from  Table  7  that  the  con- 
'iiciered  aaneir.blles  the  faults  in.  the  horizontal  contacts 
of  the  first  and  last  columns  is  completely  localized. 

In  the  case  k  =  2  it  is  easy  tc  verify  that  it  is  also 
established  which  horizontal  contact  is  faulty  (under 
the  conckition  that  a  horizontal  contact  is  faculty). 

3)  Assurae  now  that  it  is  known  that  one  of  the 
vertical  ccntact<>  of  the  1-th  strip  is  faulty. 

a.)  We  put  first  k  ^  1,  With  the  assemblies  con¬ 

tained  in  (n  -  k  -  f)~th  box  (0  ^  t  n  -  k  -  1) , 
and  the  last  assembly  contained  in  the  (n  -  k  -  ^  ♦  D-th 
boXj  we  make  up  a  table  of  fault  funci.ions  (iable 
corresponding  to  the  contacts 

(1,  (2,  (k  -  1,  i)^.  It  is  clear 

therefore  that  when  k  3  the  fault  in  the  contacts 

(3,  h.,,  <2,  f)^,  ....  (k  -  1.  (i.c.,  vertical 

contacts  of  the  {t  4  l)-th  strip  excluding  the  extreme 

contacts)  is  e,stablished .  In  tho  case  k  =  2  for 

n  ~  3  we  take  the  assembly  (0,  1,  0)  and  the  assemblies 

(0,  0,  1,  0)  and  (0,  1,  0,  0)  for  the  case  n  =  4  (see  2, 

item  "b").  Vfith  the  aid  of  these  assemblies 
presence  of 

we  detect  the  faults  in  all  the  vertical  contacus,  witn 
the  exception  of  contacts  (0,  i)^  and  (k,  i)^*  with 
.the  indicated  assemblies  the  netvjork  does  not  conduct, 


VJe  have  case  ''b,"  i»e.,  the  vertical  contacts  of  the 
form  (0,  1)^^  and  (k,  i)^  are  faulty. 


Table  7 


VJe  note  that  when  n  -  k  a  1  the  faults  corresponci 
ing  to  the  contacts  (0,  0)^  anh  (k,  0)^  are  indistitigui.s 
alclej  since  to  them  corresponds  one  and  the  sarne  fault 


function 


^2),  a \/ jCj  .1  o  •  •  •  ^ t,‘ 


It  therefore  remains  to  consider  the  case  ^'^hen  n  ~  k 
Let  us  consider  the  (ii  -  k  ♦  ^/2  a^ssemblies  (the  se^.  T^^. 


k 

1  1  1  ...  J  0  1  0  0  0  ...  0, 
0  0  1  ...  I  1  1  0  1  0  . . ,  G, 
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Here  each  succecing  8,s?enhly  is  oh'tained  fTovi  the 
preceding  one  by  shifting  the  ones  to  the  right  by  tvo 
coliams.  vrlth  the  exception  of  perhaps  the  last  one 
(for  odd  n.  “  k),  when  the  ones  are  shifted  to  the  right 
by  one  colirnsn lith  these  assemblies^  the  network  has  the 
form  shown  in  Fig.  26.  It  is  seen,  therefore  that  in 
the  case  v5hen  the  extreme  vertical  contacts  of  t,ue  iixsu 
strip  are  faulty,  then  If  the  circuit  conducts  with  the 
1-st  asseriibly,  then  the  contact  (0,  0)^  is  faulty,  and 


if  the  circuit  does  .not  conduct"^*^  the  l-st  assembly, 
then  the  contact  (0,  k),,  is  faulty.  If  the  extreme 
vertical  contacts  of  the  2-nd  strip  are  faulty,  then  if 
the  .net’ivork  conducts l-st  assembly,  then  the 


contact  (1,  k)  is  faulty,  end  if  the  circuit  doe.s  not 
conduct  an  the  1-st  assembly,  then  the  contact  (1.,  0)^ 
is  faulty,  etc.  This  completes  the  proof  of  the  fact 
that  T  a  '^2’  *  "^4  n  -  k  1  vie  have 

Tj^  empty)  is  a  test. 

Let  us  estimate  the  length  t  of  the  test  T,  For 
this  purpose  we  recall  that 


k, 


L  =  2, 


^n-k-\-i){k-2),  k^3, 

1,  ft  — 2,  n—  3, 

2,  ft  — 2,  n  — 4, 

^<[^1 


1) 


Thus  . 

/<(n~-ft*f  i){ft  — 2)  +  («-ft)4-[-?^-^:^~]~f-2  at  ft>3.  (*) 

If  n  -  k  3,  then  by  making  a  change  of 

variables  =  y^,  X2  =  Vpi  •**’  function 

S^Cxi,  Xg,  Xj^)  goes  into  the  fimiction  \_j^Cy^,  y2j 

....  y^)  and  the  network  goes  into  network  ^11,0-4* 

Por  the  network  ,  ,  it  is  possible  to  construct,  as 

n,n-k’ 

above,  a  single  closing  test  T  =  ‘^2’  *'*’  ‘^n 

of  length 

/<{ft41)(n-ft-2)H-ft-f  [-^li]4-2  npH  »-ft>3.  (••) 

It  is  obvious  that  T*s  *^2’  ***’  *^n^  ^ 

single  test  for  closing  for  the  network  Yn,k’  t*r:tc 


If  k  ^  3  and  n  -  k  ^  3,  take  that  group  of 

the  tests  for  which  the  estimate  ({*)  or  (**))  is  lower. 
We  denote  hy  ki  the  nimiber  of  fa.ui-t  iun,vt4-Oii5- 
(eoual  to  the  namher  of  contacts)!  we  obtain 


m 


r,  k  (n  --  A  4-  1)  -f  (n  —  k)  (/c  -f  i)  =  2A  (n  —  k)  -f-  n 


We  estimate  the  ratio  of  the  length  of  the  obtained  test 
to  the  jn 'amber  of  fault  functions,  to  the  length  of 

the  trivial  test  (see  Chapter  I,  Sec,  5).  We  have 


m 


;#■  A  >3, 


m 


1  ^  j  n 

“5"  '  ^  ~> 

*'■’  _ *' 

m 


3  j  * 


k>3. 


Since  the  cases  k  »  1  or  n  »  k  =  1  are  trivial,  we  shall 
ass'-ffite  that  k  ^  2  and  n  •"  k  2„ 

Th6  f)Ttir©s?:'.- ion  (•“  ri  1./2  v?h©i© 

k  C  n  •"  2,  reaches  a  Tnaxinuari  when  k  -v  n^  2.  I?!  fact, 
in  this  case  the  numerator  will  have  a  rnaTlitiun'i  and  the 
denoiTiinator  a  mini-mCTi.  Analogously,  the  fcr>rpress1,ori 
(n/2  ”  3k/2  ♦  1/2)/m,  where  k  2j  reaches  a  test 

maximum  k  e;  2.  Thus 


-fife 4-1  «  + 

-2^-1 - ^ 

1)1  ^  *  rn 


<0,1. 


Consequently,  when  min  (k,  n  -  k)  >  I  we  have  t/m,  <  0.6 


The  preceding  theorerr:  g,lvec  a  v/ay  of  cor‘!r:  true  ting 
a  closing  test  for  elementary  symmetrical  functions 

S  ,  realized  by  means  of  the  networks  V'.^  .  .  Tbe 

Ojk/  '■ 

natural  question  arises  ^  however,  of  h,ov  '^gcod'‘  ,tho 
^constructed  test  is*  in  other  v/erds^  hov  strongly 

i 

the  length  of  the  ccoptructed  teot  dlffei-s  froro  the 
length  of  the  minimal  tent.  Here  ve  shall  not  give  a, 
complete  answer  to  this  nuesticn.  For  the  case  of 


symmetrical  fiinctions  ve  shell  propose  a  method 

of  constructing  a  minimal  test.*  From  this  it  is 
already  easy  to  obtain  a  desired  comparison  and  to 
conclude  that  the  previously  constructed  tents  are 
c  cm  p 1ft  t  e 1 y  s  at i  ?  ■  f  ac  t  cry. 


VJg  have  In  r 


mind  the  networks  Y  . 

0  njn-j. 


Theorem,  For  networks  V  ^  the  length  t^^^^ 


,n 


of  a  single  minimal  test  for  closing 
q  «.^q  /3J  li  where  k  2(n  -  l)  is  the  niiiriber  of 

hci’lzontal  contacts  of  the  network 

Proof,  V'e  shall  show  first  that  ^  - 

-.^q^/3’^4  1.  VJe  note  first  that  the  fault  fanctlons 
corro Spending  to  tho  flx*st  and  last  vortical  contacts 
are  Identically  equal,  i.c,,  =  f^^.  (see  p.  313  j^f 

?.our'ce7).  It  Is  further  evident  that  to 


establish  faults  io.  the  extreme  vertical  contacts  it  1 

t  ^  y  1  y  • 


necessary  to  take  the  assembly  =  Clj,  1, 


This  assembly  sakes  It  possible  to  distinguish  the  case 
when  a  vertical  contact  is  out  of  order  from  the  ca,se 
when  either  a  horizontal  contact  is  out  of  order  or  the 


network  is  in  working  or-fler«  Thus.  T,.,., 


?  cx,. 


0 


Let  furthermore  T*  <"T..  T  where  T’  is  the  test 

UiXXl ' 

for  faults  in.  the  horisontal  contacts.  By  virtue  of  the 


0  f 

pr€^ ceding  rsnark  one  can,  a.ss®ie  that  cX  ''  (y  T 


* .  We 


denote  by  t  *'  the  leneth  of  the  Hiinimal  unit  test  for 
closing  i.n  the  case  when  only  the  horizontal  contacts 
ca.n  be  faulty.  We  then  have  the  following  inequalities 
for  the  length  t’  of  the 'test  T’j 

^mta  f  '  -I-  ^  "1“ 

■for  the  networ'k  V  ,,  (Fig.  27),  the  fault  functions 

^njn-i  ■■■ 

are  tabulated  in  Table  9* 

■  0  if 

Hote^  The  asssri'niblie^  M  ,  O^TCj  i)  s,nd  also 

the  f'urjctions  f . ,  ■>  s-ud  f-^n  from  the  table  for 

the  network  V  at-e  identical  with  the  corr-ssnond- 

<5  n ,  n~l 

ing  as.scnblies  and  fimctions  from  the  table  for  the 
network  ,p'-1  R '  n.  The  -validity  of  this 

identification  is  connected  with  the  fact  that  both 
tables  are  identical  within  the  limits  of  the  first 


i  4  1  boye.s. 


Tablfi  9  conpistr;  of  .n  boyos,  the  co.oBtruction  of 
vjhich,  starting  with  the  first,  has  quite  definite 
rpgvilerltye  Vie  shall  agree  to  denote  the  assevsblles 
b''  where  the  superior  inder  denotes  tne  toy  to 

vihich  the  given  asse.'jbly  belongs  and  the  in.terioa  index 
denotes  the  nur.ber  of  the  given  assembly  in  the  bor, 
starting  with  the  uppermost.  Let  ur.  exjunine  the  part  of 
Table  9,  corresponding  to  the  horisoatal  contacts.  It 
is  easy  to  see  that  this  part  of  the  table  satisfies  the 

following  requirenents : 

1)  Bach  row  contains  exactly  two  ones; 

2)  There  are  no  identical  rows  or  columns: 

3)  There  erists  one  one  function  to  which 

corresponds  a  column  containing  no  ones. 

T.et  f  be  arbitrary  fault  fuTiction  from  the 
1 


considered  subtable,  with  f 


1 


f  .  It  is,  obvious  that 


one  of  the  assemblies  on  which  the  function  f^^  assumes 
a  value  1,  should  enter  in  the  test.  Vie  denote  this  by 
By  virtue  of  property  1,  ’w®  subtable  a. 

functionf'that  assumes  a  value  of  1  with  the  assemble  x* 
Let  us  consider  a  set  of  all  such  assembli-,-. ,  on  w.* 


1 


1  or  f 


2 


1.  Let  0<^(cx„  o<  )  be  an  element 


2 


of  that  set  vrhich  en-uinto  the  test  —  such  an  elemen-. 
will  always  be  found,  since  definition 

the  test  contains  an  assembly  which  distinguishes  the 


Ki  Ka6 


functions,  and  (it  follov?s,  incidentalj.y ^  from  the 

>A.'. 

properties  1  and  2  that  on.  any  asserihly  d:ifferent  from 

a.nd  contained  in  this  s(5t,  the  functions  f  and  f 
'  i  12 

are  d.i.stinp'uishable ,  i^e,. ,  they  ar, '^ume  opposite  values). 

It  follows  from  property  1  that ' there  exists  a  function 

S'ac.h  that  it  assun.es  the  v.alue  1  on  the  assembly 

■t:'msei’uent]-V.  on  tho  a.o'^embl.ies  and  'K,  the  functions 
■  '  ■  ^  1  2 

f,  1  f 5  snd  f„  are  (joapletely  distinguishable  (Fig.  28)^ 

X.  '  f,3 

B.n,c  1:he  corre^'pcndang  faultfi,  are  detected «  It  ie  obvious 
that  these  as^^oThblu  es  cic  not  break  dovn  in  any  manner 
the  remaining  set  of  functions  of  the  investigated  part 
of  the  table  6  We  cross  out  from  the  table  the  columns 


ft  r-i 


d  f  as  as 

'll 


orre-cpond ing  t:o  the  functions  f ,  f^.  an 
the-:  ro’es  correspoad:!  ng  to  the  assemblies  and  ^ 

J 

In  the  ronialning  table  there  can  apt-ear  id.entica.1  rovjs , 
a,nc’  i.n.  the  suecessive  steps  also  tovs  which  do  .not 
c.on.tain  ones.  Let  us  perfo.rm  the  following,  operations 
on  the  tablo:  4-)~ 

1.)  }^e.  leave  o.nly  one  represe,n.tative  for  each  of 
the  identical  rows; 

2)  yie  cTos.s  out  entirely  the  rovJs  vdnich  do  .not 
contain  ones. 

Vie  the:n  obtain  a.  table  which  need  no  longer 
satisfy  recuirement  1,  for  it  ma.y  ccnta,in  rovjs  whi.ch. 
co.nta.in  a  si,n.gle  one  each.  Let  us  take  arbitrarily 


9{ 


'the  function  from  the  table.  One  of  the  assemblies, 
with 

Which  it  assumes  the  value  of  1,  should  enter  into 
ths  test,  VJlth  this,  two  cases  are  possible, 

a.)  There  exists  only  one  assembly  with  which  the 
function  is  equal  to  1,  and  the  row  corresponding  to 
this  assembly  contains  only  one  1.  Such  an  assembly 
must  enter  in  the  test;  on,  it  only  one  function  is 
defined. 

b)  There  exist  rows  (or  a  row)  corresponding  to 
assemblles^.wlth which  the  investigated  function  is  equal 
to  1,  and  containing  two  ones. 


Using,  arguments, similar  to  those  made  for 

regarding  .  ^ 

f.^^  '  the  function  f]_^  we  either  separate  three  functions, 

'Which  are  distinguishable  completely  with  the^ 

two  assemblies,  or  else,  if  this  can  be  done,  v^e 

define  two  functions  that  are  dietingulshable  with  the 
two  assemblies. 

(There  arc  no  othei-'  possibllltle'i , 


for  in  none  of  the  steps  can  ldentlca,i_  ooliimus  occur). 
From  this  we  see  that  violation  of  condition  1  can 


lea.d  only  to  .an  increase  in  the  test  compared  with  the 
ideal  case,  when  for  each  step  condition  1  is  satisfied, 
Since  the  initial  part  of  the  table  (for  the 
horizontal  contacts)  contains  =  2(n  -■  1)  functions, 
we  obtain  the  following  estimate 


!’he  presence  of  the  teriri  q 


1 

r  "1 

Z  -j-  — 

t,  ^  J 

%  —  [  1  • 

term  q 

“  q.  /3 

3  Is  due 

Tl 

“n 

Ing  bett¬ 

-;een.  the 

rem,s.5-nin  g 

or  this 

purpose 

It  is  nece 

KJ 

,ave  q  -  3  assemhlles .  Hiis  proves  that 

min  n  l  a  j  ^  ^ 

It  nov  remains  to  shavJ  that  '*■ 

'or-  this  m.n.-r>ose  vjo  construct  a  test  of  length  q  ~ 


For  thi^^  pin’pose  cor  struct  a  test  of  length  L%r 

4  1,  The  construction  and  the  proof  'Mill  he  carried  out 
hy  induction  vith  respect  to  n.  To  facilitate  further 
G'onsldsx'atlons  ve  formuiate  the  proper (<j''  of  i.he  te&i-  T^ 
(see  Table  9)  in  the  follovnlng  manner, 

1,  — :(1,  .  .  Ij.  aJ=:(CK)l  .  .  .  i)C!3”«. 

2,  From  each  box  f.  (starting  vith  the  second), 


T  contains  at 

f} 

least  o: 

t 

ne  assembly  o( 

•where  1 

3  *  ^ ) 

If  " 

3k,  then  the  tes 

t  T  con 
a 

.tains 

the  assemblies 

otIJ  -I  a 

nd  a(^„  find 

Vi 

,ese  asse 

■IB biles  the 

0  X. 

j.i 

functions  F 

O  tt!. 

j?n. 

,0’  ^n~l 

and  -|  ar 

'e  distla 

Lguishable , 

b)  If 

q„  «=  3h 

4  1 ,  then  «  (£ 

T„  an.d 
n 

only  the 

function  0  determined assembly  C!(.^  (the 

other  functions  are  doterained  the  remaining  a-ssensblies 3 
c)  If  q  »  Sic  ■*•  2,  then  the  test  T^  contsiins 
assemblies  ‘=*-1  and>*^the  assemblies 


snta  one  determiner,  only  the  fimctlonr  f‘  „ 

^  n-l  ■  n  " 


n-l, 
and  f 


0 


h 


The  firrt  sten  i-n  the  induction,  j  f  foi"  n 


(q,  =  d 


the  Sfjt 


1).  From  Table  9  It  ir  eary  to  ertablirh  that 


aj, 


if  a  tent.  It;  is  easy  to  verify  that  T„  has  properties 
1,  2,  and  3b )« 

Asrisme  that  toe  tests  T^.,  ...5  ^ 

properties  1—3  Inclusive  have  already  been  constructed-, 
we  shall  rhov  hovj  tc  construct  the  test  T_^.  According 
to  the  different  residues  obtained  by  dividing 


^  * 


3,  ve  consider  three  cases. 


*  When  estimating  the  lower  bouD,d  (see  p.  hl'd  [of. 
sourcey )  vJe  have  seen  that  the 

conside^ration  depends  on  the  residue  obtained  by 


divid  j,n.g  q.^  by  3. 


a) 


'n-l 


s  3k.  We  pU' 
7’.,  =r:y„_,-~.  a- 


a'- 

it'— 


*> 


4--  a’'  , 

1  „  I 


t 

-4- 

5 


n 


From  this  we  see  that 
assemblies  fronj  bores  n 


differs  from  by  the 

■  1  and  n.  We  consider  part 


(T1,. 

X.  c 


,ble  9  corresponding  to  these  bores  (Table  9a). 


of 


Table  9a 


It  is  clear  frora  Table  9  (see  p.  31?  Zpf  source/) 


.0  5 


that  T  _  .belnf?  a  tent  for  the  netvorlc  i  - 

n-J.  7  n-xjii 

Vi 

distinguishes  completely  the  functions  p 

and  f  ‘  f  '  -  5  considered  as  fault  functions  for 

o  i,  n  •**  .L  5  X 

the  netv^ork  ,  and  by  the  induction  ass'tjmption, 


n,n' 


.b 


the  functions  ^n-250  completely 


detei^mined -t^^^the  assemblies  and  &("  i.  It  is 

n~2 


n-1 

n-1 


t'hat^-^i^  thx3  asse?riblies  ^  r-'2^  ^  n-*l^ 


obvious 

o(  (see  Table  9a)  determine  completely  the 
functions  ^n-2,0»  ^S-1,0’  ^n-2,1  ^n-1,1* 


It  if?  clear  that  T  has  ■or-o'ctertles  I  and  2,  In  fact, 

a  '  ' 

property  1  is  satisfied  In  a  trivial  manner,  Since 

and  c<  T  ,  and  since  T  coincides  with 

T  ^  on  the  boxes  /  <  n  -  1,  whereas  for  T  ^  property 

2  is  satisfied,  then  has  property  2.  It  Is  seen 

from  Table  9  that  the  set  T^,  which  satisfies 

requireinents  1  and  2*  the  faults  in  the  vertical  contacts 

completely  localized.  Finally,  if  we  have 44.-^ 

identically  0,  then  the  network  is  in  working  order. 

We  have  proved  thus  that  T  is  a  test.  Since  q  r  3k  4  2, 

n  . 

it  is  necessary  to  establish  11  also  has  property  3e» 

h 

It  follows  fi'om  Table  9a  that  the  functions  f^__„  q, 

,  and  f^’  r\  are  de term! necL**^f  the  assemblies 
■n“2,i’  n-ijO  ^ 

<y.  arid  while  the  functions  f  ,  ^  o  ^n-1,0 


are  determined/-.'^  the  assemblies  oi,  and  The 

remaining  functions  are  not  distlnguishahle,'V*'^these 


asgemblies.  Thus,  3c  does  take  place. 

b)  q  -  n  3k  4  1.  In  this  ease  we 


Here,  too,  t'  differs  from  T„  in  the  assemblies  from 
boxes  ri  -  1  and  n.  Using  the  fact  that  is  a  test 

for  y  1  o  with  properties  1 — 3b)  and  the 

fulfillment  of  properties  1  and  2  for  ^ 
we  shall  prove,  analogously  as  in  the  Item  "a,"  that 


T  Is  a  test  for  the  net\-}ork  Y Since  q  =  3k  ■ 

n  Q  5 n  *“ X 

3  s  3(k  4  1),  it  is  necessary  to  verify  the  fulfill' 


ment  of  itoni  3a*  From  the  definition  of  if 

follows  that  T  »->  determines  all  the  functions 

n-1  n”i. 

the 

h  ^ 

only  posF^ible  exception  being  easy  to 

n  n 

n 


(corresponding  to  the  network  V  -)5 


see-  h  ow  e  ve  r ,  th  at 


assemblies  ^  r 


the  f sanctions  f 


h 


,h 


nd  f 


:h 

n-1,1  ' 


fire  completely 


n-250’  n-ljO’ 
distinguishable.  All  the  remaining  functions  coincide 


Kth 

ese  assemblies. 

This 

proves 

em 

3  s. . 

c)  K  3k 

4  2, 

VJe  put 

T  T 

'  n - ^  M-l 

—  a""' J 

0  — 1 

—  a®'“!  -f 

n--l  1 

'jt— 


1,  and  since  T  fulfills 
’  n“-i 


Obviously,  has  property  1.  Since  corresponds  x^ith 
T  .  oil  the  boxes  i  ^  n 
requirement  2,  then,  considering  that  jjlo  '"i^d  ^„2 

we  conclude  that  T  has  property  2«  Using  the  fact  that 


n 


T 


is  a.  test  for 


ind  that  T  has  properties 


n-i  . .  «  n-l,n'~2  '  n 

1  and  2,  let  us  prove,  as  in  item  ''a,”  that  is  a 

test  for  the  network  f  ,  .  Bince  q^  =  3k  4  4  r 

n^n'**x  -li 

I  3(k  4  1)  4  1,  it  remains  to  verify  the  fulfillment 
of  item  3b.  In  fact,  by  the  induction  assu):5ptio.n_^ 

determine'  all  the  functions 


.h 

'00^ 


^^n-4,0’  V2,l’  "00’  -n-1,0’ 


n 


«  • « I#  ^ 


• » * 


snd  the  fimctions  .  anxl  fj?  ^  s.ve  distinguished 

the  esseiEhlies  <>(  ^“2  clear  that  the 

functions  deter., ined 

the  asseiriblies  ^ 

?  ,  in  plf-ice  of  the  assemblies  c:<^,.p  s.nd  llnally 

n-1  ^ 

the  function  determined  a<-«  the  assembly 

Thus,  item  3b  if5  satisfied  for  T  » 


n 

It  now  remains  to  verify  that  T^  has  a  Xcvagth 


+  1  = 


,  •■  q  T  /3  4"  1 « 
n-l  hi~l 


:i 


~  Qi^  ”■  \  ^■^'^‘"’5  ''■5  “  b  -  4  - 

=  q,y  -  q-_,/3  +  !•  I^t  us  put  “  q 

■iSe  shall  show  that  t^^  s  qj^  -  Qb/'O  ■*■ 
purpose  vje  consider  three  cases: 

«)  '?«-!=  r-  -T  r^«.-1-l  '*■ 

9»-i  "'  ["T“  J  “*■■  ^ 

-f“  ^  ~  9-  “■  _  'T .]  '  ^  "  ^ ' 

Ij  ^^._j^.3/c-f-l, 

<„  1  -f  1  ---  9»-i  “  [  -ni"-  j  4  ■  *  +  1  ”  9»  -I  4'  ^  “• 

4-i-9„-[-f]4'^; 

^  1  ~---~3A  -  f-  2^ 

4,  ™  <«-i  4-  1  9«-t  [■“■)“•  j  ^  "*■  ’  ^  ■'■■  I.  d  ' . 


(Jn—l  "t  “ 

■ . 3 . . 


4- 1  - . ' 


tfn 


\ 


4  I  S 
I .  -J 

This  comnletes  the  proof  of  the  thecrem .  It  is 
lecessary  to  indicate  here  that  the  theorem  not  only 
establishes  the  existence  of  tests  with  different 
properties,  but  also  gives  a  very  effective  method  of 


their  construction,  which  does  not  require  the  scanning 


of 


all  the  subsets  of  the  sets  of  n-term  assemblies 


7s>  Test  for  a  Network  that  R,ea.li36s  a  Lihear 


Function 


of  algebraic 


The  function  (t-,  ,  X2,  . - 
logic  is  called  linear,*  if  the  follovoing  representation 
takes  place 

;r,,  . . ■  •  •  +  {mod  2). 

Knowing  the  network  realisation  of  the  function 
*!>(,  (Xj,  .r.,,  .  .  . ,  x«)  n  -J-  1  ■  f  Xj  -f-  .r.,  -f  . . .  -f 


■'/t 


it  is  easy  to  obtain  a  network  realization  of  any  linear 
function,  which  depends  on  more  than  n  arguments.  It 
is  known  I?/  that  4?  5  *  “  “  ’  ^  realized 

by  'reans  of  the  network  (Fig.  29),  k'e  see  that 

this  network  is  made  up  of  blocks  of  the  form  shovjn  in 
Fig,  30, 


*  For  a  linear  function  one  encounters  also  in 
the  literatvire  the  term  the  parity  couater,' _ _ 

In  the  present  section  we  shall  give  a  method  of 
constructing  test  for  the  netv.'ork  ,  VJe  shall 


prove  here  the  following  statement 


Theorem.  For  a  netvork  realizing  a  linear 

'.function  possible  to 

:sons tract  a  single  test  T  of  length  t^^  ^  3n  -  2. 

V/e  note  that  the  closing  of  contact  1  and  the 
jlosing  of  contact  2  of  the  i-th  block  (i  3)  gives 
;)ne  anc^the  same  fault  function.  In  fact,  vJhen  contact 
:L  is  closed,  then  there  is  a  circuit  3— 1— b  connected 
In  parallel  with  contact  2,  and  this  circuit  has  an 
idmittance  i.e.,  it  produces  the  same  effect  as  if 
contact  2  were  also  closed,  and  vice  versa.  It  is  _ 
5sts.bli.shed  tinalogously  that  closing  of  con'oact  3  and 
:,he  closing  of  contact  b  ccrre.sponds  to  one  and  the  same 
fault  function.  Furthermore,  the  differences  in  all 
the  remaining  fault  functions  will  follow  from  the  fact, 
ifhich  is  about  to  be  estaaiishec,  that  all  the  incicated 


faults  are  localized. 


i 


/oc  - 


Me  proTO  the  theorem  by  Induction  respect  to 

R.  In  the  particular  case  n  ts  2,  the  set  a  ^^(00), 
(01)^  (10),  (1^)  \  (trivial;  see.  Introduction). 

In  this  case  the  following  faults  cannot  be  distinguished,: 


Let  n 


and 

opening  of 

contact 

-'2 

and 

» 

Xg 

and 

closing,  of 

contact 

^-2 

and 

n  ft 

^2 

of 

the  Induction).  It 

is 

seen  from  Table  10  of  the  fault  fuRctions  of  network 
that  R  I  (001),  (Oil),  (lOX),  (111),  (000),  (010), 
(100)1  is  a  test  that  distinguishes  all  the  faults 
contained  in  the  table. 

Me  introduce  the  notation  z  (((^,1)),  where 

S  ==  (S.,  s 


O  z  VO 2. 5  “o’  i.e»s  S’  z  ^2?  •••) 

^  ,  1),  If  is  the  set  of  assemblies  ^  ,  then 
n 

a  ^  ,  1))  is  the  set  of  assemblies  <2>’  r  ((  ,  1)) 


A  ’  z 
We  put 


for  n 


eren 


for  E.  “ 


a„  — ((!,  0.  0,  . . 0), 

=  1,  0.  ....  0), 

I  1,  0,  ...,  0); 

(  a„ —.((),  I,  0,  ....  0), 

0,  0,  ...,  0). 

7«r:r{(),  0,  0,  0). 


/<?/  " 


Break 


._L 


Table  10 


/6  d~ 


Fig«  33 


Second  itep  of  Induction,  Let  there  be  constructed 
,^-~Vr<5  ill.  yhei'e  k  "C,  .0,5  s.nd  let  the 


tests  Tj,  for  the  networks  , 
length  of  the  test  be  4., 


2 .  vie  define 


/■  ■  •  H(T  . 

It  is  clear  t! 

cat  t,  -C.  3  (n 
K 

us  prove  that 

is  a  test. 

definition  of 

■T  it  follows 

n. 

assembl-ies 

,  r  (O5  I5  1, 

. . . ,  1 ) »  Vie 

first  indicate 

-  1 )  -2  3  “  3n,  “  2.  •  Lot 

Vie  note  that  from  the 
that  the  test  contains  the; 

, X)  and  =  (I5  Oj  I5 

how  to  detect  the  fault  in 


/v?> 


the  n-'th  block  (if  euch  eicists).  Since  the  network 
assumes the  assemblies  ana  the  form  shown 

rsspeetively  in  the  left  and  the  right  parts  of  Fig.  31? 
we  have  for  a  short  circuit  in 

the  l~st  or  in  the  2-ncl  block.  Therefore  in  the  1-st 
and  2-ncl  blocks  there  is  no  short  circuit  If  = 

-  J  ^3-.  )•  case  when  there  is  no  short  circuit 

in  the  1-st  and  2-nd  blocks,  a  further  Investigation  Is 
necessary.  Let  us  consider  further  the  assemblies 
y  s  (0,  ,  0,  ...5  0,  1)  and  =  (0,  n-jf  ,  0,  0). 

It  Is  obvious  that  the  appearaince  of  the  netviork 

Si  these  assemblies  depends  on  the  evenness  of  hi 

When  n  is  even  It  has  the  form  shown  in  Fig.  32?  and 
when  n  is  odd  it  has  the  fomi  shown  in  Fig.  33*  Analyzing 
these  cases  we  reach  the  conclusion  that  one  of  the 
contacts  1  or  2  (in  the  n-th  block)  is  shortcicuited 

A 

if  'S  Ay'  )  =  0  and  '^.^,(  Y^)  =  1,  and  that  one  of 
0  ^  n—1  ^  ^  ^ 

the  contacts  3  or  k  is  shortcircuited  if  ^ 

snd  (IqC  =  0.  If,  hovevor,  ;  1  ( 

then  there  is  no  closing  in  the  n-th  block. 

It  now  remains  to  provide  a  prescription  for 
detecting  open  circuits  in  the  n-th  block.  For  this 
purpose  we  examine  the  netv/ork  on  the  assemVjlies 

.  (o  .  cd.  «  ,  ft'  (Fig.  3'+).  Since  the  networks 

n  ’  1.  n’  r  V,  n  “ 


/C 


“a"  and  “c”  coincide  only  In  the  link  then  \<Jhen 

(  oC  )  -rt  $  (o<'  )»  the  contact  x-  cannot  be  open; 

analogously,  frora  the  fact  that  the  networks  ”b”  and  "d'* 

coincide  only,  on  the  link  x^ ,  we  conclude  that  vv'hen 

^  (  (1)  )  (t>  (B*  ,)  the  contact  x.  carmot  be  open# 

O  ' I  n  ^  0  !  n-1  1 

Nextj  comparing  networks  “a”  and  '*d**  with  ’‘b‘*  and  ”c” 
respectlvely-j  we  see  that  the  foregoing  networks  co¬ 
incide  paii-wise  in  all  blocks^  with  the  exception  of  the 
1-st  and  the  n~th.  From  this  we  reach  the  conclusion 
that  when  (o(  )  Zj)  ( (?  *  )  or  respectively 

(  H  )  ^  t1)  (  ),  there  is  an  open  circuit  in 

'"“0  I'n  '  ^  0  n~l 

the  l~st  or  in  the  n-th  block#  Since  we  have  just 

provided  a  prescription  for  establishing  £in 

open  circuit  in  the  first  block,  the  open 

circuit  in  the  n-th  block  is  detected |  with  this,  if 

$  (K  )  "  0,  therj  contact  3  is  open,  if  J  =  0 

'"O  n  ,  .  _  °  «■ 

then  contact  4  is  open,  if  tb-®n 

contact  2  is  open,  snd  if  (  6.  *  )  =0,  then  contact 

1  is  open.  This  completes  the  analysis  of  the  n-th 

block.  If  the  n-th  block  is  in  working  order,  we  put 

v  ”  1  and  the  network  goes  into  <51^  .  With  this, 

"n  'h  n~x 

there  is  a  mutually  unique  correspondence  between  the 

assemblies  from  ( (T  X))  and  the  assemblies  from 

T  .  Since,  by  the  induction  assumption,  T  is  a 
n~l  n 

test  for  .  we  can  monitor  the  network  ^ 

n-l' 


completely,  i.e.,  ve  can  monitor  all  blocks  from  1  to 

n  -  1  inclusive.  If  it  is  found  that  the  subnetwork 

h'  ,  is  in  working  order,  this  mean.s  that  the  entire 
n-1 

network  is  in  working  order.  This  proves  the  theorem 
completely. 

In  conclusion,  we  get  tests  for  n  ~  ^  and  n  =  5* 

(Oili),  (1011),  (1111),  ((xx)t),  (0101),  (1001),  (0000),  . 

(OiOO),  (1100)}, 

3\i=:((00ili),  (01111),  (iOlll),  (11111),  (00011),  (01011),  (10011),  (0<XH)1), 
(0i{V)l),  (lllXO),  (0(K)00),  (0i0(X)),  (10000)), 


It  is  easy  to  verify  that  the  algorithm  proposed 
above  for  the  construction  of  tests  of  the  network 
gives  for  n  s  3,  and  5  minimal  tests. 


8.  Test  for  the  Comparison  k^etwork 

Of  partdcular  interest  is  the  comparison  network, 
i.e.,  a  network  which  realizes  the  fraction 


1  ^  <  B, 

0  A  >  B. 


{ 


Thus,  let  A  r  a  a„  ...a  and  B  =  b  b  be  tvo 

binary  numbers,  and  then 

/“  (a„ . . a^\ Ky  . . 6i)~ aA  V  («A  V cA)/*“^  («— . . •  •  -A)-- 

=  fiA  V  V  (*«-»*  •  ♦ 


This  function  can  ba  realized  by  the  netwoi’k  shown  in 
Fig.  35.*  Thus j  the  comparison  network  consists  of 
tbs  (n  “■  l)“>th  block  of  the  form  shown  in  Fig.  36,  and 
one  block  shown  in  Fig,  37 «  With  this,  the  blocks  are 
Joined  In  the  manner  as  shoiwn  in  Fig,  38*  The  network 
given  contains  kn.  -  2  contacts. 

The  next  problem  is  the  construction  of  a  minimal 
single  test  for  the  comparison  ftetwork.  Here 
we  become  acquainted  with  another  use  of  the  block 
structure  of  the  network  for  the  construction  of  a  test. 


The  method  proposed  consists  of  constructing  the  test 
for  the  entire  network  of  tests  for  individual  blocks , 
Thus,  the  block  nature  of  the  network  is  used  in  an 
entirely  different  manner  than  was  done  in  Sec,  7?  where 
the  block  structure  was  taken  into  accoimt  essentially 
in  the  law  of  construction  of  the  test,  and  also  in  the 
inductive  proof.  However,  such,  a  law  of  construction 
of  the  test  was  to  a  considerable  extent,  so  to  speak, 
"guessed  at’*,  more  accurately,  so  to  speak,  '‘noted"; 
here,  to  be  sure  in  embryonic  form,  we  propose  a 
principle  of  constructing  tests  for  block  networks. 
Theorem.  The  minimal  single  test  T  for  a 

ll 

comjjarlson  .network  has  a  length  t^^  k  2n  4  4(n  2),* 

Proof,  We  make  up  tables  of  functions  of  faults 
of  the  l“St  block  (Table  11),  and  also  of  the  i~th  block 


(1  <  i  .4-  n)  (Table  12),  considered  as  a  multi-terminal 
network  with  one  input  and  two  outputs*  For  the  i-th 
block,  the  talues  of  the  functions  are  written  in  decimai 


■stera,  starting  with  dual  notation 


The  network  given  liere  is  simpler  than  tnat 
constructed  in  i*eference  /3/  by  G.  Povarov  cy  the 


cascade  method 


Obviously,  t.  ®  i, 


3*  t^  s  7 


The  i-th  block  Is  connected  in  the  network  in  the 

'1  »  ^  I*LS1V0  *ti  .r30  A  O  X -i-O  i » 

■manner  slio“vxri  in.  Fig*  ^9®  _  xnxo  n 

a)  If  c_,  ^  -  0,  for  example,  “  1,  b^  a  0,  then 

all  the  circirits  passing  through  subnetwork  ^  are  open, 
and  therefore  the  operation  of  the  subnetwork  Jt  cannot 

be  verified  with  such  assemblies* 

b)  If  s  e  1  (in  the  i-th  block),  then  ~  0, 

b^  e  1,  the  subnetwork  is  blocked,  and  therefore  under 
our  conditions  the  operation  of  subnetwork  ^  also  canno^ 


be  verified 


c)  Ho  matter  what  the  state  of  subnetwork  , 
we  cannot  distinguish  between  the  two  states  of  tne 
reroaining  part  of  the  network,  namely  when  s  ®  1, 


s  =  1? 


1  (i*e..  we  do  not  distinguish  between  the 


/of  - 


values  of  the  functions  2  s-nd  3).  The  remaining  com¬ 
binations  of  the  states  sc,  .  are  pairwise  distinguish- 
able.  Therefore  a  table  of  fault  functions  for  the  i-th 
block  connected  In  the  network  can  be  written  in-  the 
form  of  Table  13 »  . 

Table  11  shows  that  the  minlxrial  test  for  the  first 
block  consists  of  three  assemblies  (Oj  0),  (1,  0),  and 
(1,  1);  from  Tables  12  and'  13  wa  obtaih'bne  and  the  same 
minimal  test  for  the  i-th  block  (i  >  1),  consisting  of 

all  four  possible  assemblies.  One  must  note  heroj 
however j  that  in  the  construction  of  a  test  for  the  i-th 
block  (i  ^  1),  w©  begin  from  the  fact  that  on  the 
assemblies  (0,  0)  and  (1,  X)  we  used  essentially  i-nfoma- 
tlon  on  the  outputs  s  and  j  whereas  in  the  veri¬ 
fication  of  the  1-th  block,  comjected  in.  the  general 
network,  we  obtain  information  only  from  the  output  s. 

By  virtue  of  this  circurastance,  we  need  for  the  veri¬ 
fication  of  the  i-th  block  not  h  assemblies,  but  more 
—  6  assemblies  (since  3  differs  from.  0,  and  also 
differs  from  0  only  on  the  assembly  (0,  0)',  4  differs 
0  and  also  2*  differs  from  O.only  on  the  assembly 
(1,  1)5  then  the  assemblies  (0,  0),  (1,  1)  must  be 
taken  both  in  the  closed  state  and  in  the  open  state 
of  the  subset  tir  )«  For  convenience  we  shall  write 


/// 


Table  11 


!!.  !( 


1 


0 


, - .  r  ^  «  A  ,  » . « .  ft  )  in  the  form 

the  assemhiies  fn’  '  i  1 

'"  '  \  From  items  a)  aticl  h)  it  follovs 


that  Vi 


Mm,  ““ 

th  the  aid  of  the  assemblies  -j .  ) 


one  cannot  monitor  blocks  i  -  I,  1  “  2, 

Since  for  each  i  (i  >  D  there  is  at  least  one 

assembly  vith  r  1  and  *  0,  and  at  least  one 

E5s»bly  with  o(.l  .  0  hiia  f-ti  .  1,  t»>«  the  Bihteal  test 


T  niust  include  th6  H■sssl'Bbli3^5 
”n 

/ al,  .  •  -*  ®tH’  \ 


A  I 


/Pft*-..  PV  \ 
Ipft  •  •  •’  Pi4-i»  '  '  ‘k 


From  the  foregoing  argninernts  and  from  item  c  1'-  fc-1^ 
that  to  monitor  the  second  block  it  is  necessary  that 

there  be  present  assemblies  vith  i■'2  “ 

™  /X  -1.  hnth  «ith  ("V,,  )  K  (1,  0)  and  with 


> 

If 

n 

( 

p 

1 

\ 

contain  the  assemblies 

'  "'''I ft . ft.  0.  ft 


S'  . .  oU  0, 


*  '  '•  S*  Pjy 


ftft-...  ft.  ft-l'" 

■w"  -t"  \  0 

K"  i  St' 


5ft  1,  p;/  ' 


where 


(aft  0)  ®  (ft.  0) 


I  /  .5 


Let.  US  consider  in  greater  detail  the  1-st  and  2-nd 
blocks  of  the  netv;ork  (Fig.  40),  It  is  obvious  that  from 
among  the  foregoing  assemblies  only  asscmbii.es  h* 
can  particiT'iate  in  the  analysis  of  opening  of 
2  and  V  of  the  2-nd  block  ana  contacts  1  and  2  of  the 
1-st  block.  Since  the  case  that  the  network 

conducts  both  with  assembly  S  *  and  with  assembly  o" 

Is  possible  with  the  network  in  working  condition,,  one 
csxi  recognise  with  the  two  assemblies  b’  end  c”  at  t.he 
most  three  faults  (the  fact  that  the^’e  are  no  coincid..,ng 
fault  functions  for  open  circuits,  follows  from  what 
v/lil  bo  given  below).  ,Thus ,  the  test  T  should  contain 
at  least  one  more  assembly  £  ,  different  from  those 
previously  constructed.  In  the  analysis  of  open  circuits 


in  the 

test , 

as  we  have  seen. 

there 

sho 

uld 

be 

present 

assemblies  of  the  forrii  ^  ‘ 

*'  and 

.  4 

oc, 

(i 

2).  Of 

these  5 

only 

four  are  in  the  cc 

ntrcl 

of 

the 

fix’ 

st  three 

blocks 

- 

n  1 

>  / 

'  T,v»  • 

.  .  » 

]  ' 

’’  'V 

f 

^  0,/  ’ 

»  \ 

•/uj'  ' 

.  4  , 

*  f 

,  f  1 

!,  Ol 

/  ^  ^  t ,  .  .  .  \ 

. -  i 

'r\ 

1  n- 

OrK 

i  a- . 5'k  0, . , , !  ’ 

— - 1 

■ 

•  *  M 

0,  ...1 

//‘Z  — 


¥e  shall  sho>i  that  for-  any  choic^  of  values  for  ^ ,  ?,  ”, 

and  we  cannot  completely  distinguish  all  tne  short. >- 
3 

-circuit  faults  for  the  2-'iid  and  the  blocks  ^  night, 

cases  are  possible  here. 


/  (.  ^ 

From  item  c  it  follows  that  when.  ’  ~  |  =  x  ^ 


c  o  a  s  i  d  e  r  on  i  .y 


it  p 

ossibXe 

to 

Thus 

5  it  re 

mains 

last 

one  of 

the 

icl  at 

least 

one  i 

uiauv7i.,  A  *>.  1- 

3 '  3  '  3 

equal  to 

If  o(,  ^  then  witii  the  iorsgChxrtg 

af'^ernblies  ^  ¥hea  c>(  f  ye  cannot  dxs  cinguj^Bii  sho^ 

circuits  of  the  2-rid  contact  of  the  2~nd  block  and  the 
3-rd  contact  of  the  3-rd  block,  and  when  ^  3  ”  1 
cannot  distinguish  open  circuits  of  the  2-nd  contact  ox 
the  2-na  block  and  the  4-th  contact  of  the  3-rd  block. 

It  remains  to  analyze  the  case  when  X  Y  3* 

'yP  denote  that  value  of  or  ^  which  is  difiex-enu 

from  o<f^.  It  is  clear  that  with  the  assembly 
3 

I  ■  ■  .*  'd;.  "ii*  ^  \ 

^  . I  ..,p  Of 

W  „  ’  *  ‘  ’  i:i*  i2’  '  ' 


the  following  pairs  of  faults  cannot  be  distinguished 


from  each  others 


1)  when  1  2  "  ^  =  0  —  closing  of  the  3-rd 

contacts  of  the  2-nd  ajid  the  3~rd  blocks; 

2)  when  '^^  =  0,  ^Pnl  —  closing  of  the  3-c5 
contact  of  the  2-nd  block  and  closing  cf  tVie  4-th 

,  contact  of  the  3-rd  block; 

3)  when  r  1,  j(|  =  0,—  closing  of  the  4-th 
contact  of  the  2-nd  block  and  closing  of  the  3-rd  contact 
of  the  3-rd  block; 

4)  when  l(  2  “  13**^'"“  closing  of  the  4-th 
contacts  of  the  2-nd  and  3-rd  blocks,  and  the  correspond¬ 
ing  faults  are  not  monitored  at  all  by  the  remaining 

tv’o  assemblies , 

VJe  have  thus  shown  that  in  the  case  of  closing  it 
is  necessery,  in  addition  to  the  foregoing  ones,  to  have 
at  least  one  more  assembly.  Thus 

l.  >  {n  —  1 )  +  4  -h  2  ^-=2n  -f  4 . 


Table  14 


ftapa 

Type  of 

t/ 

Faults 

ia  tb.®  2ii!&  contact 

1 

0 

in  tb.®  3rd  contact 

I 

i 

In  the  ist  or  4th  contact 

0 

1 

Table  15 


B],oeks 

1st 

1st  possibility  / 

7  . ■■■'i . . . . . . 

:  2nd  ■  3^*3.  1 

i  • 

{‘5  1  1 .  f  {*}  '  ]  ^  ^  * 

...  w.--.  ^ 

4th  ■  .  *  ■  ;  ■  ' f 

-! !  th  i  TiE'th  ! 

:  i 

& 

i 

i  1  ! 

!  "  1  •  1 
:  i  1 

i  ! 

]  1  .  .  .  i 

1  1  S  i 

i  i 

^  i  !  ‘  i  I 

!  ;  1  !  0  1  ^  1  •  •  •  1  ’  1  ‘  i 

\  '  i  ]  \  ’  i 

:  }  '  . . . .  . . . . .  . . ^ 

\ 

i  1 

'  1  i  ;  1 

.  i  i 

n  ^  .... 

!  i  5  i 

;  1 

.  .  . 

I  ...  I  ...  ; 

i  !  i 

\  ...  i 

i  ! 

i  i 

.  .  .  1  ...  1 

i  \ 

i  } 

P«-2 

, 

1 

:  1  .  i  ‘ 

1  ' 

j 

.  .  j  i 

t  1  • 

n  i  I  ; 

i  ! 

1 

:  !  ■  1  : 

2ncl  possibility 

f 

1 

'  •  •  ■  ! 

1  1  "  j 

>  i 

Table  16 

Blocks 

1  end 

! 

5rd  1  4th, 

5th  !  (n 

'!  i 

•l)th  1  W'th  ! 

'  i 

0 

i  ^  ' 

\  ... 

'  i  '  1 

• . . . .  i 

P3 

rr 

■  0  ;  !  i 

! 

1  .  ,  .  1 

!  1 

ill! 
;  1 

P4 

1 

1 

■  l  i)  ■ 

! 

1  .  .  .  i 

:  1 

1  I  1  1 

;  i 

1 

i 

{ 

! . ; ; ' 

i 

■til; 

I 

i 

}  .  .  .  i 

1 

i 

. , 

s 

i 

i 

1 

;  1  !  i  ■ 

1  .  .  .  i 

0  !  1 

-  ir/ 


3rd  possic 


Table  17 


It  now  remains  to  prove  the  inverse.!  For  this  we 
construct  a  test  of  length  2n  •4'^.  put* 


f, 


V  \0, . . 0,  0  , 

1, 

1. 


/ 1, . . 

, 1 

,  1 

'0,  ..., 

|,  O'-^. 

(i, .. 

1 

.  ^ ) 

t 

T-( 

,0,  .... 

M  i,  1  \ 

./o. 

•  * 

0, 

1,  0^ 

\ 

M  1.  O) 

,  £  = 

”U 

,  0. 

1,  0, 

r 

.,0.1,0' 
.,0,1,  1 

,  0,  . 

..,i 

..,0 

)  (f- 

/ 

r.2, 

. . 

1,0,  r, 

i,  .. 

•’ !) 

0  = 

=  1 

t  *  *  M 

n)\  . 

1,  0,  0, 

1,  . . 

.,  1/ 

) 

ThT 


asterisk 


denotes  the  1-th  column. 


Table  l8 


Short 


B  1-M  Cuumo 

BO  2-M  KOHTaKTC  (  >  2  U.IOKa 
B  <3-m  KourauTe  i  >  2  6wnoi?u 
B  i-M  KHH  4-m  ivOHxaKTe  i>2  fi.'ioua 


1  of  faixlt 

j 

7" 

- . 

1 

0 

0 

1 

0 

0 

1 

KEYt  1)  in  the  let  block;  2)  in  the  2nd  contact  of  the 
bloc  i  »  2;  3)  in  the  3r-d  contact  of  the  block  i  ^3^  2;  4} 
in  the  let  and  4th  contact  of  the  block  i  3*2. 


Table  19  Table  20 

2nd  possibility  / {'i')  —  / IT ’)  —  ®  possibility /(T  )=“*<  f(T 


It  is  stated  that  is  a  test.  Let  us  analyze  separately 
three  cases: 

I,  The  circuit  does  not  conduct  with  at  least  one 


Of  the 


ci^  s  't'in  D  X  1..6  B 


-  *L  f  ,-r  ^  »*>-  ^... 


W  «>  «  ft  J  1.  J  & 


in  Table  14,  depending  on  the  states  of  the  netwoi’k  with 
the  assemblies  5  *  and  %  *'  we  indicate  several  possibili’ 


ties . 


Foi""  further  localization  of  the  fault  we  make  use 
of  Tables  15-~17,  This  completes  the  analysis  of  faults 
fn  the  case  of  an  open  circuit, 

II.  At  least  with  one  of  the  assemblies  ,  ^"5 

me  cit  (i  K  1,  . .  .  n)  the  circuit  conducts.  The 
possibilities  that  are  present  here  are  indicated  in 
Table  18.  the  aid  of  Tables  19—21  we  localize 

tht  f&itlt  in  block®  i  2,  These  tables  '.make  it 
posslfels  to  complete  the  analysis  of  the  faults  in  the 
case  of  a  closed  circuit o 

III,  The  n.en.vork  conducts  with  all  t'm  assemblies 


TiS  t*S  ^  ft"  (1 


rr.  j  a  »  «  ^ 


. , ,  .n } ,  and  i 


is  open 


with  all  the  assemblies  and  (i  «  1,  n) 

In  this  case  the  network  is  In  working  o.rder.  This 


9.  Ordered  and  Tentative^  Tests 


Thus  far  we  have  considered  principally  the 
question  of  the  procedure  for  constructing  tests, 
vjithout  taking  into  account  the  specific  nature  of  their 
utilization.  It  must  be  indicated  here  that  in  the 
monitoring  of  a  network,  we,  first  of  all,  tost  the 
fi'-r semblies  in  a  definite  order,  and  secondly,  as  a 
result  of  each  test  we  obtain  information  concerning  the 
of  the  network. 

An  essential  characteristic  of  a  test  is  the -'time 
nc'sessary  to  monitor  the  network.  In  this  connection, 

;;  '■-"I j  ::'i2ar  attaches  to  the  question  of  the 

i'.'V-ns  cri'i.etion  o.;:  r., al  test,  &n&  also  ■;l;o  question 

of  tiv.e  extent  to  '  Ibf.n  the  test  constructed  deviates 
h-'o.?  a  minimal  one.  However,  as  was  Indicated  earlier 
(sov  Sec.  2),  the  verification  time  can  be  reduced  also 
x:;  a,  different  ms.-snor,  namely  by  rational  utilization 
of  the  test  aXioany  constructed. 


Definition.  Ars  ordered  test  is  the  following 
system  of  verifying  the  network: 

1,  The  test  is  broken  dovm  into  groups,  written 
out  in  a  definite  order  (individual  groups  may  contain 
also  one  element  each). 

2,  After  passing  through  each  group  of  assemblies 


information  is  fixed  regarding  the  state  of  the  net^Jork. 

3.  If  this  information  is  sufficient  to  detect  a 
fault 5  then  further  tests  are  discontinued,  and  xn  the 
o'o'DOsitc  case,  one  proceeds  to  the  next  group* 

It  is  seen  even  ^lith  simple  examples  that  vitn  sacn 

a  system  of  running  through  the  test,  we  can 
obtain  the  necessary  inforraation  concerning  the  stale  ox 
the  network  In  individual  cases  (to  detect  a  fault,  for 
example),  by  r'anning  through  only  part  of  the  entire  tesi.* 
An  ordered  test  is  characterizx'd  by  a  rnatheinatlcal 
expectation  of  the  length  of  the  used  part  of  the  test. 

It  is  clear-  that  corresponding  to  different  arrangements 
of  the  group  will  l)e  different  values  of  mathematical 
expeetations.  It  is  therefore  natural  to  strive  for 
such  an  arrangement  of  the  group,  at  which  the  minimum 
mathematical  expectation  is  obtained. 

When  obtaining  Intermediate  information  it  may 
turn  out  that  in  the  reroaining  part  of  the  test,  the 
remaining  assemtblles  will  oe  superfluous,  IsS.,  th^t 
running  through  these  assemblies  does  not  add  to  tne 
information  concerning  the  network.  We  shall  analyze 
this  circumstance  in  greater  detail,  lor  this  puapo,.>e 
we  introduce  several  syribols  and  definitions* 

Assume  tViat  for  a  network  there  is  f^xed  a 
set  of  fault  functions  and  a  set  ^  oi  pairs  Oj- 


fault  functions  in  the  sense  of  Sec.  2o  We  denote  by 

a  certain  set  of  assemblies.  It  is  obvious  that  as  a 

result  of  running  through  the  assemblies  T.j  ve  obtain 

information  concerning  the  network  CU-  (i  =  1,  2, 

s  )•  The  information  I.  can  be  characterized  by  the 
,  0  ^ 

furction  (pj,(e),  which  assumes  values  1  or  0  on  the 
assembly  e  ^  depending  on  whether  or  not  the  in¬ 

vestigated  network  conducts  with  the  assembly  e.  Vfe  note 
that  the  functions  f  .,  (e)  are  specified  only  on  the  set 

T  *  We  denote  by  the  set  of  such  functions 

0  '*‘1 

f.(e)  from  ,  that  ,<^^(e)  for  e  ^  T^. 

This  definition  of  the  set  decoded  in  the 

following  manner.  We  arrange  in  some  manner  the  assemblies 
frojn  the  set  T^  «  (e*,  e%  . ..).  From  the  table  of  the 
fault  functions  M  we  pick  out  those  functions,  which 
assume  that  the  assembly  e’  a  value  From  the 

resultant  set  we  pick  out  further  those  functions,  which 
assume  a  value  assembly  e'*,  etc. 

Running  through  all  the  assemblies  of  the  set  Tq,  we 
obviously  obtain 

We  denote  by  the  set  of  those  pairs  (f^,  ij^) 

from  71^  for  which  f^  and  f^^  ^  Let  be  the 

test  corresponding  to  the  set  of  the  fault  functions 
and  to  the  set  of  the  pairs  of  fault  functions 
(T^  may  prove  to  be  empty). 


Definition,  A  tentative  test  is  cailea 


the  follov?iag  syster.  fox’ 


1 6  s  1 1,  n  g  ci  n  o  t  V/  o  r  k « 


Tbp  T  fi^es  the  i.nform.ation  I*  vi 

n 


*»  1  p 

»»  L  t,  • 


f  ®  s  ^  ^  ,  >>■ 


2,  Depending  on  the  inforrration  I.,  obtained, 
further  verification  of  the  netvork  is  made  with  the  aid 


of  test 


The  tentative  test  is  shown  schematically  in  Fig, 
hi.  From  the  definition  of  the  tentative  test  it 
follows  directly  that  the  set  of  assemblies  T  » 

vis  a  test  in.  the  ordinary  sense.  Obviously, 

'  '*■  a  r-.  3 

•  it, 

the  construction,  gxven  can  be  repeated  many  times. 
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ue  obtain  complete  infomation  concerning  the  state  of 
the  network.  In  this  case,  the  tentative  test 
renresenteG  in  the  fo:rm  of  a  "tree’*  (Fig.  ^2).  Here  the 


roie  of  T.^  (see  definition)  is  played  by  the  tree,  m 


particular,  it  may  be  fomid  that  each  of  the  sets  T^' 
consists  o.f  exactly  one  element. 

For  simplicity,  we  confine  ourselves  to  an 
examination  of  the  simplest  tentative  test,  i.e,  the 


case  shown  in  Fig 


Definition 


o  The  lenprth  of  a  tentative  tent  T.  is 
called  the  auantity  t,.  :::  ma"(t„  t^_. )  =  +  nay  t-,.  , 

ij  -j  -i-i 

■/Jherc  tt.  i^^-s  the  length  of  the  tost  T,.  . 

J-j  - 

It  f olio'-.'.':"  fror'  tlie  def t}';at  it  is  pcsaiL'J. 
to  construct  e  tentative  test  T,,  of  length 


I. 


For  tills  purpose  it  is  enoagh  to  take  on  the  subsat  of 
T  ,  ,  and  to  take;  for  T...  tbs  ninlnal  test  contaiTied  in 

Ki'i.n’  '  ii 

T  .  •'  iV*  It  is  obvious  that  the  foiT;  of  the  tentative 

Kiln  0 

test  depends  essentially  on.  the  choice  of  the  set 

It  rernain.s  unclear  under  what  cases  can  one  con¬ 
struct  a  tentative  tost  such  that  t  < 
question  also  arises  of  whether  there  exist  for  any 
tneta.tive  test  T  of  length  t.,  .<  t  such  a  value  of 

y  y  hi  Xu 

i,  3t  which  tQ  4 

VJe  give  an  exaxiplo  of  the  construction  of  a 
t  e  n  t  a  t i ve  test, 

Exanplo.  To;ntativo  Test  for  the  Conparisen  NetvJork 
Here  we  start  a'at  with  the  comparison  network  considered 
in  Sec.  8. 

VJe  choose  for  T,  the  set  of  assemblies  c 

C  t 

X’,  and  >1 "  ,  vihere  again 


From  the  scheme  and  the  tables  to  have  the  follovings 

1)  If  the  network  Is  opencircuited  with  the 
assembly  ^  S  then  either  thel~st  or  4-th  contact  of 
the  l“th  block  (i  >  2)  are  openoireuited,  or  else  the 


cO'nta.ct  of  the  block* 

2)  If  the  network  Is  open-clrculted  with  assembly 

S"*%.  then  the  2-rid  contact  of  the  i-th  block  (i  1) 
is  open-circuited, 

3)  If  the  network  is  ..  short-circuited  with 
the  assembly  ^  ,  then  either  the  3“rd  contact  of  the 
i-th  block  (1>  2)  is  short  circuited  or  one  of  the 
contacts  of  the  1-st  block  is  short-circuited. 

4)  If  the  network  is  fehort  circuited  with  the 

assembly  %  then  either  the  1-st  or  4-th  contacts  of 

the  i«th  block  (i  >  2)  are  short  circuited,  or  else 

one  of  the  contacts  of  the  1-st  block.  As  a  result  of 
running  throxigh  the  assemblies  Tq,  we  obtain  one  of  the 

possible  informations  Iq#  l-j_}  ^5* 

informations  are  characteriz<^  by  Table  22» 


Each  of  the  informations  describes  the  state  of  the 
network,  namely:  denotes  that  either  the  netv;ork  is 

in  working  order  or  else  there  is  a  short  circuit  jn  the 
2-nd  contact  of  the  i-th  block  (i  2)  or  an  open 
circuit  in  the  3~rd  contact  of  the  i-th  block  (.X  2); 

denotes  that  the  open  circuit  is  either  in  the  1-st  or 
in  the  4-th  contact  of  the  i-th  block  (i  ^  2),  or  in 

the  1-st  contact  of  the  1-st  block;  I2  denotes  that  the 
open  circuit  is  in  the  2-nd  contact  of  the  i-th  block 
(i  1);  denotes  a  short  circuit  in  the  1-st  block; 

denotes  a  short  circuit  in  the  3-rd  contact  of  the 
i-th  block  (i  ^  2);  denotes  a  short  circuit  either 

in  the  1-st  or  in  the  4-th  contact  of  the  i-th  block 
(i  ^  2). 


Table  22 


Assemblies 

h 

h 

h 

A 

h 

V 

1 

0 

1 

1 

1  . 

. 

1 

1 

1 

0 

1 

1 

1 

i 

0 

0 

0 

1 

1 

0 

0 

0 

0 

1 

0 

1 

No-w,  to  complete  the  construction  of  the  tentative 
test,  it  remains  to  write  out  the  tests 


Tl,r. 

T,~~ 


a«;  1^', 


--  (£,  a%  a-\  .  .  a*}, 

=  |c,  a‘^  ...,  a”-'}, 

-■  N  —  empty  set 

_  iU\  u%  fin-n 

-  H  h 

—  \\^  }  P  t  *  •  M  P  /• 


0n\ 

»  r  O 


The  fact  that  the  listed  sets  Tj^,  Tj^,  Tj^,  Tj^, 

are  tests,  following  directly  from  the  arguments  given  in 

Sec,  8, 

¥e  note  that  a  tentative  test  essentially  represents 

a  scheme  for  proving  that  the  set  Tj^»  •••?  ^ 

is  a  (unconditional)  test.  This  note  makes  it  possible  to 
extract  in  many  cases  construction  of 

the  conditional  test  from  the  proof  of  the  test. 

■  To  describe  a  conditional  test  we  consider  the 
Hiathematical  expectation  of  the  length  t  =  tQ  ♦  t^^  of 
the  employed  portion  of  the  conditional  test.  This 
quantity  is  proportional  to  the  average  time  of  monitor^ 
ing  the  network. 

The  introduced  probability  characteristic  is 
meaningful  if  it  is  established  that  the  faults  appear 
with  a  definite  frequency.  In  practice  one  can  always 
consider  that  this  takes  place,  when  we  deal  with  an 


adjustea  network.  In  this  case  one  can  determine  by 
statistical  means  the  probabilities  ol  the  appearance  ol 
various  faults.  We  denote  by  PCIj;)  the  probability  that 
in  runnlne  through  Iq  we  obtain  the  infors.atlon  Ij. 

:  Obviously,  the  sought  mathematical  expectation  can  be 
'  foimd  from  the -formula 


since 


/  V  (/,,  -f  t P  (/,)  4-  I*  i)- 


X />(/,)=(. 


We  calculate  t  for  the  preceding  er ample. 

Let  p  he  the  probability  of  the  network  being  in 
working  order,  q  .  1  -  P  the  probability  that  there  is  a 
single  fault  In  the  network  —  a  short  circuit  or  an 
open  contact.*  We  assume  that  the  prohability  of  all 
the  faults  are  equal  to  each  other,  i.e.,  q/2(4n 
We  calculate  the  values  of  P(I^) 


P  +  '-T' - TT  ^  l) -  “  ^ 


Pif,) 


4n  —  2 


2(4n-  2) 


2(4« 


P{1,) 


An 


-r9 


i=4+(p+^^ 

V  «<"-*>  +  =  2n  +  2  -  ,  [  I  n  -  I  -  T^hv) 

Since  t  »  2n  ♦  2,  then 

^  -  a  r3  7  »  1 


— 130-^ 


This  relation  shov/s  that  the  average  length  of  the 
tentative  test  differs  substantially  from  the  length  of 
the  ■tentative,  test  in  the  case  when  q  is  not  very  small. 
However,  if  q  is  not  very  small,  then  the  netv;ork 
.operates  with  frequent  breakdowns  and 

consequently  needs  adjustment.  Thus,  under  normal 
conditions  the  average  length  of  the  tentative  test 
deviates  little  from  the  length  of  the  tentative  test. 

sequent ly,  the  probability  of  appearance  of 
faults  in  more  than  one  contact  is  Op _ _ 

In  the  preceding  argument  the  calculation  was  based 
on  the  a.ssumption  that  the  tests  T^^  are  run  through 
completely.  However,  there  is  no  need  for  running 
through  T^  completely,  if  the  fault  has  already  been 
localized.  Consequently,  it  is  convenient  to  consider 
each  of  the  tests  Tt,  as  an  ordered  test. 

IC* _ Test  for  a  Binary  Suirtmator  Network 

The  advantage  of  the  conditional  test  is  parti¬ 
cularly  clearly  seen  from>  an  examination  of  the  problera 
of  finding  a  single  fault  for  a  single  binary  summator 


/  3  /  — » 


netv’ork  /!/ 


We  start  vith  the  follovlng  scheme  -for  addlftg  t’vJo 
n-column  numbers,  specified  in  binary  form 

If  we  denote  by  the  result  of  the  carry  in 
the  (i  ♦  l)~th  column,  we  obtain  the  following  recursion 
formulas 

s,  “  St  V  V<-i)  V  a,  V 

C,  =;=  V  -2,  (6,  V  -i), 

ft  =“  St  (5,  V  ^A-i)  V 

where  i  =  1,  2,  n,  k  0,  -5^  =  1,  s^^^  =  c^. 

Starting  with  these  relations,  it  is  easy  to 
obtain  the  binary  sianmator  of  interest  to  us.  This 
network  consists  of  n  blocks  of  three  types  (Fig.  43). 
The  blocks  are  connected  as  shown  in  Pig.  44. 

Thus,  the  binary  smimator  network  represents  a 
block  netvjork.  However,  unlike  the  comparison  network, 
we  have  here  a  more  complicated  connection  between 
blocks.  It  is  therefore  qviite  natural  to  refine 
further  the  proceduii'e  for  setting  up  tests  for  the  , 
block  netvJ03:’ks. 

IsSurii^' (1)  that  we  have  a  network  made  up  of  a 
small  number  of  types  of  different  blocks.  We  assume 


furthermore  (2)  that  no  relay  can  act  on  several  blocks, 
and  that  each  block  Is  controlled  by  a  small  number  of 


relays.  Finally,  we  assuae  (3)  that  in  e®ch  type  of 
block  s  the  poles  are  broken  up  in  an  identical  manner 
into  inputs  and  outputs  so  that  the  inputs  (or  respective' 


ly  the  outputs)  have  the  separability  property  (see 
belovJ,  p,  3^'2  i^(pf  source/)  and  that  in  the  network  the 


current  always  enters  into  a  block  which  i; 


In  working 


order  only  through  the  inputs  and  leaX''es  the  block  only 
through  the  outputs,* 


This  liraitation  is  imposed  in  order  to  facili' 
tate  the  calculations. 


In  the  investigation  of  block  diagrams  we  first 
make  up,  in.  accordance  with  the  network,  a  table  of 
”transfe2‘'*  and  '^output”  numbers,  which  shows  the 
dependence  of  the  states  of  the  output  on  the  states 
of  the  input  in  the  case  when  the  given  block  is  in 
working  order,  Thi.s  table  explains  the  possible  states 
of  the  inputs  of  a  given  block  mder  the  assumption 
that  all  the  remaining  blocks  are  in  working  order. 

The  next  stage  is  to  disregard  the  connections 
between  blocks  and  to  consider  each  block  independent¬ 
ly  as  a  multi-terminal  network.  The  state  of  this 


jriultl-terninal  nctvcrk  Is  detennined  by  specifying  an 
as ? ombly  <y. J ,  . . . ,  >  •  •  •  ?  ^  p  vhere  <X  ^ ,  . . ., 

cy  f  and  ‘  ,  .-.5  'H-  describes  respectively  the  state 

of  the  Inputs  and  rhe  relays  of  the  given  blcck.  enviously 
the  state  of  the  outputs  of  the  inuiti-terminal  network 


1  i  P  i 

will  determino  the  value  of  X’ 

of  the  function  F.  Using  the  general  alg.orithni 

p  1 

described  in.  Chop.  I,  vjo  can  construct  a  rain xm. 1.1.  tes..  0 
These  assumptions  reduce  to  the  fact  that  wc  shall  acal 
v.’ith  a  small  ntutber  of  uncomplicated  tables  of  fault 
functions.  The  latter  leads  to  a  relative  simplicity  of 
c.alculations.  The  constructed  tests  for  the  blocks 
five  the  necessary  condltioiis  that  charactoriKC  tne  tf.v^t 
for  the  entire  network;  nfuraely  they  indicate  v/iu-ii, 
cembinations  of  significant  figures  should  be  encounter¬ 
ed  in  the  assemblies  belonging  to  the  test.  This  makes 
it  possible  to  construct  the  base  of  the  test,  i.e., 
the  set  of  assemblies  containing  the  rnayiram  namber  of 
assemblies  and  having  the  following  properties. 

Let  us  trake  an  8,rbitrary  block.  Corresponding 
to  this  block  is  a  group  of  variables ,  Each  assembly 
'p  of  the  base  of  the  test  determines  an  assembly  for 
the  considered  block,  and  for  this  it  is  necessary  to 

. fbi  of  the  assembly  = 


1  •  •  ♦  > 


icin  to  part 


•  *  •  5 


Fig*  41 

block 


block 


“5  -V 

E  (...5  p^,  ...}  p  |( }  .o*),  ccrrHrspcndJ.ng  to  Uie  gj.ven 
variables  5  the  assersbly  CX  ^  corrcr  ponding  to 

the  stvate."  of  the  inputs  of  the  considered  blockj  when 
the  network  is  in  the  state  ’  .  The  cons tr-octou  eo. t  of 


asHeinbiik/r^  {  ^  .  * .  ♦ ,  M  ^  5  •  * « 5 


;  X. 


(•'*£)/ should  be  a 


test  for  the  i-th  block, 

VJe  shall  not  give  here  a  fornal  description  cf  t' 
conatructlon  of  the  base  of  the  tost  relative  to  a  rr.'ini: 
test  of  each  block.  V/e  note  only  that  even  if  it  is 
known  that  the  i-th  'block  is  out  of  order,  wo  canriot 
always,  generally  speaking,  detornlne  with  the  aid  of 
the  base  of  the  test  the  character  of  the  fault  (see 
Soc«  8,  item  3),  since  the  state  of  the  network  in 
deterininG'd  froui  the  states  of  the  inputs  of  the  net¬ 
work,  and  the  state  of  tlie  i-th  block  is  deternl.ned 
froT;.  the  states  rn"’  the  outputs  of  the  block.  Thus, 
the  ba.se  of  the  test,  as  a  rule,  will  not  bo  a  test 
and  it  Eust  be  brce.doned  to  a  test ,  This  step 
rectuii'ec  s  piore  rigcro’un  accouritlng  of  the  character 
of  the  connsetions  between  tbs  blocks. 

Let  us  consider  a  block  netwci-k  ss.t:lsfylng 
conriitlon  3.  This  lisitaticrr  is  stronger  than  the 
requirement  thst  the  inputs  and  the  outputs  of  the 
blocks  be  separable,  i.e,  the  requirement  that  thcj 
axim;ittan.ceK  between  each  pair  of  inputs  (outputs)  of 


ne 
rr.s. 


each  block  be  identically  equal  to  0*  (see  Reference  /S?). 
In  fact,  let  each  block  consist  of  one  contact,  i,e„, 
let  it  have  one  input  and  one  output,  and  then  in  the 
network  shown  in  Fig,  45,  each  block  is  trivially 
separable,  but  condition  (3)  Is  violated  for  the 
“bridge"  block  v  (Pig,  45).  Ihus,  condition  (3)  imposes 
limitations  not  only  on  the  properties  of  the  blocks 
jut  also  on  the  properties  of  their  connections* 

The  concept  of  separability  along  with  other 
limitations  was  introduced  by  Shamon  /S/‘  for*  one 
special  case  of  the  junction  of  multi-teKninal  networks, 
in  order  to  exclude  the  presence  of  admittances  from  one 
pole  to  jinother,  which,  leaving  the  block,  again  would 
return  to  it  and  again  leave  it  (Fig.  46),  Incidentally, 
for  block  networks  satisfying  requirement  3,  the 
existence  of  conducting  circuits,*  which  return  to  a 
given  block  (feedback),  as  shown,  for  example,  in 
Fig,  47,  is  not  excluded.  The  presence  of  feedback 
raises  difficulties  in  the  investigation  of  block 
networks.  We  shall  not  attempt  to  offer  a  gejneral 
theory  for  such  networks,  btat  to  elirflinate  “returning" 
ircuits  we  shall  first  narrow  down  the  class  of 
admissible  block  networks.  For  this  purpose  we  con~ 
sider  networks  which  represent  "series  connections'*  of 


/jy- 


blocks,  In  each  of  vhieh  the  poles  are  broken  up  into 
inputs  and  outputs.  \'fhen  connected  in  series,  the  blocks 
fortrs  an  ordered  aggregate,  V/ith  this,  the  network  either 
has  a  single  input  and  several  outputs  or  a  single  output 
and  sevex'al  inputs.  In  the  former  case  the  input  of  the 
network  can  be  joined  to  any  input  of  each  block,  and  the 
outputs  of  the  network  can  be  connected  with  the  outputs 
of  the  blocks;  in  the  second  case  the  output  of  the  net¬ 
work  can  be  connected  with  any  output  of  each  block  and 
the  inputs  of  the  network  can  be  connected  with  the  inputs 
of  the  blocks, 

~  circuit  is  mearit  here  a  circuit 

between  arbitrary  vertices  of  the  network,  for  which  the  - 
admit tenc^  is  not  equal  to  0  identically, _ _ _ _ 


In  addition,  only  connections  between  the  outputs 
of  a  block  and  the  inputs  of  the  ne^t  block,  or  between 
the  inputs  of  a  block  a!i.d  the  outputs  of  the  preceding 
block,  are  possible.  For  the  former  case  the  series 
connection  of  the  blocks  is  shown  schematically  in  Fig, 
Examples  of  netvjorks  of  this  type  are  a  network 
for  parity  counting,  a  comparison  netv?ork,  and  the 
binary-summator  network. 


Lfit  us  assume  no’W  that  there  is  a  iauic  ifj.  the 
i-th  block.  Obviously,  this  fault  can  chan.ge  the  state 
of  the  outputs  not  only  of  the  i-th  clock  alone.  The 
latter  eircunurtance  is  flue  to  the  fact  tear  as  a 
■ot  the  fault  there  is  a  possibility  of  current  flowing 
Llong  new  circuits  both  on  the  side  of  the  (i  «•  D-th 

block  (forward  wave)  and  on  the  sine  Oi  ^i  1/  h 

,  1  ,,  .,,'i  Ti-  ■?"  r*Tpar  that  if  no  limitations 

block  (bacHwara  wav^ej.  -i-f  c^ca.. 

in  a  definite  direction  may 

ljrrpOS6  ^  B.  v^B.V6 

j  ■  r.o  and  returned  in  a 

in  a  certaxn  Dioci-i  oe  cui  . 

backward  direction.  This  phenomenon  can  take  place 

with  multiple  reflections.  Ttius,  in  networks  repifc.->on.» 

ed  by  series  connection  of  blocks,  feedback  can  also 

eiJist.  The  occurrence  of  reflected  waves  makes  the 

calculation  of  the  changes  in  the  states  of  the  outputs 

very  difficult.  However,  in  the  eases  considered 

here  no  wave  reflection  takes  place  and  this  allows 

us  to  exaraine  independent l.r  the  changes  in  the  states 

of  the  outputs  of  the  (i  l)--th,  ^  2)  t^^-j 

blocks  due  to  the  influence  of  the  forvmrd  wave,  and 
changes  of  the  states  of  the  outputs  of  the  (i  »  l)~tb, 
(i  -  2)-th,  ...  blocks  due  to  the  influence  of  the 

backward  wave. 


—  /3^ 


!I^ble  of  Fault  Functions 


We  sb.aj/i  consider  belov?  eTclusive?^y  only  those 
networks  that  satisfy  conditions  (1)  ““  (3)  and  represent 
a  series  ““Connected  blocks*  The  following  theorem  gives 
a  criterion  for  the  absence  of  reflected  waves «' 

Theorem*  There  are  no  rsflected  waves  if  a 

i  . 

'networks  representing  a  sei’les  connection  of  blocks  and 
having  properties  (3)  contains  a  single  fault. 

The  proof  is  almost  obvious. 

Mots,  In  networks  representing  a_  series  connection 
of  blocks 5  the  presence  of  propertjr  (3)  Is  equivalent  to 
the  presence  of  separability  of  the  inputs  and  outputs  of 
each  block  and  to  th©  forbiddeiiness  of  the  connection 
,  betvjeea  one  output  (input)  of  a  block  and  several 
’  Inputs  (outputs). 

VJe  shall  see  later  on  that  by  tracing  the  waves 
one  can  choose  the  ba.s<S :  for  a  test  and  then  broaden  it 
to  a  test  hsivlng  sufficiently  short  length. 

We  now  show  the  appearance  of  the  construction  of 


a  conditional  test  for  a  binary  summator. 

Since  the  foregoing  theorem  holds  for  a  binary- 
•“smmator  network,  we  are  justified  in  considering  the 
effect  of  the  waves  independently.  We  first  investigate 
the  effect  of  the  forward  wave.  Since  the  construction 
of  the  test  for  a  binary  sumator  is  cumbersome,  we 
Lphall  break  down  this  process  into  stages. 


I.  Comp3'.lation  of  a.  Table  of  Transfer  and  Output 
Numbers.  In  order  to  take  into  account  the  connections 
between  blocks  and  also  in  order  to  clarify  the  per¬ 
missible  states  of  the  outputs  of  the  faulty  block,  ve 
mak€3  up  a  table  (see  Table  23)  of  transfer  and  output 


nujnbers  for  the  i-th  block  (2  i  ^ 


n 


1).  It  is 


easily  seen  that  the  outputs  of  the  faulty  block  can  be 
only  in.  one  of  tvJo  possible  states,  (C  1)  and  (1  0), 

We  shall  use  this  circumstance  in  the  next  stop. 

II.  Compilation  of  Tables  of  Fault  Functions. 
Here  we  start  with  numbering  the  contacts  as  indicated 


in  the  diagrams .  In  the  :diagram  of  the  n-th  block  we 
use  a  non-through  numbering,  since  this  ref].ects  the 
fact  that  the  n-th  block  is  obtained  from  the  i-th 
block  (2  4^  i  4  n  -  1)  by  excluding  a  series  of 

contacts,  co.nnected  with  the  output  c.  In  the  fault 
tables  24  —  26,  the  states  of  the  inputs  are  written 
In  the  form  of  two-digit  binary  numbers;  the  states  of 


the  outputs  are  written  for  the  sake  of  brevity  as 
decimal  rrumbers  corresponding  to  the  binary  numbers 
c.jC^s^  (1  K  1,  2,  ....  n  -  1)  and  s^^_^^os^ .  From 

Table  24  we  have  f^  f^^,  f^^  =  f^  ^j  f^4  =  f^g,  f^,  =  fr,!» 

and  f,  =  f  .  From  the  dianran:  of  the  1-st  block 
4'  12' 

(see  Fig,  43)  it  is  seen  that  s  =  fg?  “  fyj 


( 


( 


.^ff, 


f  «&  f  S!i  f  <t  Etld  f  ^  i  ^.,  w 

^50  ^3f  4t  8' 


By  virtue  of  the  symbols  used,  and  also  by  virtue 
of  the  structure  of  the  n"th  block,  the  table  of  fault 
functions  for  the  R-tli  block:  (  Table  26)  is  obtained  from 
the  table  of  fault  functions  for  the  l^th  block  (Tacle  24) 
*'by  leaving,  in  the  latter  the  corresponding  columns  and 
replacing  them  2  by  0,  3  by  1,  6  by  4,  and  7  by  6  (the 
second  binary  digit  is  al^fays  0).  From  Table  26  we  have 


^13  ^15'  ^14 


f  and 


f  ( • 


From  the  foregoing  tables  24  26  it  is  seen  that 

eerta.in  faults  have  become  indistinguishable.  The 

question  arlrsesj  ..  what  can  be  said  relative  to  the 

;  indistinguishabllity  of  faults  in  the  entire  network? 

’  Thus,  let  f^  denote  a  fufictioa  of  the  j-th  fault  of  the 

'  i«th  block,  a  function  corresponding  to  the 

i  operation  of  the  properly-working  network**  Since  in. 

the  network  under  co.nsideration  there  is  no  leedoack 

(reflection  of  waves)  a.nd  since  no  feedback  appears  for 

faults  of  the  ope,n-circuit  type,  it  is  obvious  that  we 

have  for  the  1-st  block 

= 

for  tho  block  (2  ^  1  1) 

4i  4i  /{!' 

/'ini'  / 4^ 


and  for  the  n-th  block 


r 


- - Hef’e’the'  functions' 'depend  on  2n  arguments 

i  )  'n  / 


j  vhich  assume  values  0  and  I5  the 

values  of  the  functions  themselves  are  integers  from  the 

.n*?- 


seginent  ^0,  2^*'  -  l"]  . 


Furthermore,  since  all  the  circuits  that  arise  as 
the  result  of  feedback  and  go  to  the  output  of  the 
l-st  block  pass  through  the  input  of  the  network,  these 
feedbacks  provide  no  np.'  possibilities  for  monitoring 
either  the  X"St  or  the  2**nd.  block*  rherefoj.e 

/;=/;. /i=/i. /;=/;. 

/0-/1.  /i.-u;.. 

It  is  seen  therefore  that  the  4-th  contact  of  the  2-nd 
block  is  superfluous* 

1  i  i 

VJe  shall  show  below  that  =  f^^  and  =  f^^ 
vhen  3  i  and  also  that  no 

identifications  are  produced  (all  the  remaining  faults 

will  differ). 

It  is  easy  to  establish  from  Tables  24  —  26 
that  assemblies  1—4  are  a  minimal  test  (trivial) 
for  the  verification  of  the  1-st  block,  and  that 


/  -/  a 


Sable  of  Fault  Punctious  iu  n-th  Block 


•'asseffiblies  2 — -8  are  a  niinlma]-  test  for  the  verification 
of  the  i-th  block  (2  i  ^  *  1*'^  fact,  the  direct 
breakdown  (see  Chapter  I,  Ssc.  3)  shows  that  the  fore- 


eoint:  sets  are  te^stfSe  Since  assieiTiblies  1 


■f  in,  tne 


case  of  the  l-st  blocli  and  assemblies  2  — -  8  in.  the  case 

of  the  i~th  block  (i  ^  2)  must  enter  (Chap.  I,  Sec.  3} 

Item  3)  Into  any  test  for  the  corresponding  block,  the 

foregoing  sets  are  minimal  tests. 

III.  Construction  of  — -  The  Base  of  the  Test, 

Now,  starting  out  with  tests  for  the  individual  blocks 

and  a  table  of  transfer  numbers,  ve  shall  attempt  to 

construct  assemblies  that  form  the  set  T  in  such  a  w.ay, 

0 

that  T  have  the  least  possible  length  and  that  the 
0 

information  obtained  after  running  through  would 

pe.rrait  ready  ■  implementation  of  the  conditional  test  by 

adding  i.ri  each  individual  case  a  small  number  of  assembiie 

Inasmuch  as  in  the  investigated  network  the  l~st 

not 

block  occupies  a  special  po-sition.  we  shall^take  into 
account  the  test  for  the  1-st  block  In  the  construction 
of  T  ,  Thus,  vje  shall  const,ruct  such  a  set  that  for 


any  i 

(2 

i  n)  the  set 

of 

assemblies,  each 

of 

which 

is 

c.  .'e.  .  'p  . ,  where 

.1-1  1  1 

?  c. 

It 

is  the  result 

of 

carry 

in 

the  i-th  column,  and 

'V  . 
1 

and  |b  ^  are  the 

i-th 

colmm 

IS 

of  the  numbers  of  the 

set 

from  Tq,  forms 

a  test 

for  the  i-th  block* 


Obviously,  this  construction  can 


•^lead  to  several  different  versions  of  We  take  for 

Tq  the  set  (  e^,  e^,  e^,  e^,  e^,  e^,  e^j  ,  where 


t 

t 


i 


0  I' 
i 


:)■ 


0  !  0  1\ 

0  1  0  1/  ’ 


i  i 
1  i 


1  0  1  Oi 

\  0  f  0/  ’ 


Th-s  Essemhlies  of  the  set  are  connected  with  the 
asseiahlies  of  the  minimal  test  for  the  i-th  block  as 
follows?  the  assembly  is  constructed  starting  with 
assemblies  2,  62  is  constructed  starting  with  assemblies  3, 
e_  starting  with  assemblies  4,  5j  e^  starting  with 

4  r 

assemblies  4,  5?  e^  —  starting  with  assemblies  6, 

\  asserablies  7)  and  e,^  — ~  assemblies  8. 

It  should  be  noted  here  that  the  length  t  of  any 
!  unconditional  test  T  (and  also  of  the  base  of  the  test) 
is  not  less  than  7  when  n  ^  2,  l.e,  t  ^  7. 

To  prove  this  statement  we  must  establish  that 
allowance  for  the  feedbacks  cannot  reduce  the  test  for 


the  n~th  block. 

Since  in  the  ease  of  an  open  circuit  no  feedbacks 
are  produced,  if  they  do  not  exist  In  the  original  net¬ 


work,  assemblies  2,  3,  5,  6,  7,  and  8  must  enter  into  any 
test  (see  Table  26).  It  is  obvious  that  the  closing  of 
{,.the  first  contact  can  be  detected  only  when  *  1 


—  /r;4 


(see  diagra.inj  Figo  here  the  feedback  is  produced  when 

there  is  no  carry  from  the  preceding 

blcck^  i.e,  s:  0,  Hov/ever.  Wider  these  conditions 

C-losihg  Ifi  the  2“$t  block  is  caught  directly  by  the 

presence  of  a  1  at  the  out nut  s  . 

n 

Thus  5  .  any  test  must  contain  the  asseiribly 

(0  1  1  l)j  l*e,}  asGerribly  4^  This  proves  the  statement, 

IV,  Compilation  of  Information  Tables,  As  ri 

result  of  running  through  the  asseiXibly  e_,  we  obtain  a 

3 

!n  4  l)~colimn  assembly.  Let  us  write  out  the  result  of 


running 

t  h  1’ o  ugh  as  s  emb  lie  5; 

P 

■7 

under  the 

an  ijxn  pt  1 

on  that  there  is  a 

given  fault  i 

n 

the  i~th 

block  (i 

2)  and  in  the 

1-st  'block. 

In 

Tables 

27  --  29 

we  shall  show  only 

those  result 

which  differ 

from  the 

correct  values. 

/  £"3 


info 


Taljle  29 


Th6  t)lain  ni^nbers  an.d  the  px'lBed.  tiuuil^ers  in 
Tables  27  29  denote  closing  and  opening,  respectively, 

of  a  contact  fiesignfttea  by  this  number?  0  denotes^  as 


always,  the  riet’VJoi^!:  In  working  order#  Cert  a 

/ 

split,  depending  on  whether  the  number  i  is 


in  columns  are 
even  (e)  or 


odd  (o)#  When  i  k  n  the  coluams  in  Tables  2?  and  28, 


corresponding  to  the  indices  3,  S  XO,  11,  and  12,  need 
not  be  considered.  After  these  explanations,  let  us 


write  out  the  values 
enter  into  Tables  27 


of  the  following  parameters  which 
29! 


a.  1 1  ...  1 1 S  ==  1  ^ 

...  00,  o—io  ...  01. 


The  renialning  parirseters  are  given  in  Table  30, 

A  survey  of  Tables  2?  —  29  shows  that  we  have  39 
different  types  of  information.  Wc  shall  not  write  out 
a  table  of  information  in  explicit  form,  and  shall  con¬ 
fine  ourselves  only  to  an  indication  at  the  end  of  each 
column,  of  the  informatlo,a  with  which  a  given  fault  Is 
connected. 

As  a  result  of  running  through  the  base  we  obtain 
quite  definite  Information,  which  contains  not  only  the 
type  of  information,  but  also  as  a  rule  the  value  of  the 

index  i  for  the  parameters  -j  j  ^  i?  i’  i’  ‘'^1’ 

and  >  Let  us  write  now  a  list  of  faults,  connected 


J.._. 


Table  30 


0 

(D 'd 

OJ  ^ 

0.^  'd  1 

>  T? 

>  ^ 

«d 

ij)  O 

a?  o 

m  o  j 

♦H  •¥'^ 

*ri  •H 

•H  *H  .  1 

U  U 

M  5^  1 

0  c 

p  o 

O  O  » 

•jn.  ct>^  u;  <35: 


vith  given  information.  We  shall  distinguish  here  tvo 
cases . 


a)  The  information  determines  uniquely  faults, 
the  indistinguishability  of  uhich  is  established, 
j  ^—presence  of  a  short-circuit  in  the  5“th  contact  oi  the 

i~th  block,  i.e, 


7 


n 


If 


I 


18 


U 


"  an  open  circuit  in 


U  It  »  II  II 


M  u  u  n  It 


■\.\ihere  i  — -  even^ 

5-tn  contact  of  the 
i-th  block,  i.e. 
where  i  —  odd, 
the  2nd  contact  of  the 
i-th  block,  i.e.  2^ 
where  i  —  even, 

"  2nd  contact  of  the 
i-th  block,  i.e.  2^ 
where  i  — •  odd 
''  4-th  or  12-th  con¬ 


tact  of  the  i-th 
block,  i.e,,  4| 

V  i2'i' 

n  ti  II  "  '•  "  5“th  contact  of 

the  i-th  block, 
i ,e .  5^ »  where 


i  —  even 


I—,  presence  of  an  open  circuit  in  the 
20 


m4 


n  It  H  H  ••  '* 


II  II  H  »  II  M 


5- th  contact, 
i.e,  5^,  where 
i  —  odd 

6- th  contact, 
i.e.,  6|, 

9~th  contact, 
i.e.,  9{,  where 


h6 


II 


27 


28" 


29'"" 


|]  tt  I? 


I?  II  «  « 


t!  It  II  « 


It  It  If  ft 


It  II  tl  ft 


It  II  «  ft 


i  — -  even, 

”  *'  9th  contact, 

i.e.,  9|,  where 
1  —  odd 

II  «  13-th  contact, 

i.e.,  13|, 

II  It  i4-th  contact, 

i.e.  14|,  where 
i  —  even 

n  II  i4-th  contact, 
i.e.  14^,  where 
i  —  odd 

II  II  i5-th  contact, 
i.e.  15|,  where 
i  —  even 

'*  «  l5-th  contact, 

i.e.  I5j[,  where 
i  ~  odd 


—  /(>0 


presence  of  shortcxrcuit  in  the  l“St  contact  of  the 

l*“*st  hXockj  i #e  * 

T _  «  »  «  '»  ”  '*  2-nd  or  6-th  contact 


^33“' 


I  - 

37 


"38- 


19  tt 


t9  If 


open 


of  the  1-sf:  blocks 

i.e.  2^  V  63^ 

ts  II  n  H  *»  »  3-rd  or  8-th  contact 

of  the  1-st  block, 
i*e#  3^  V  8^ 

It  H  H  tt  H  tt  5~th  contact  of  the 

1-st  block,  i.e. 

»t  tt  open  ”  and  5-th  contacts 

of  the  1-st  block, 

i.e.  1|  V  5| 

It  «  It  It  H  »  2-nd  contact  of  the 

1-st  block,  i.e,  2^ 

II  It  It  II  11  tt  3-rd  or  7-th  contacts 

of  the  1-st  block, 
i.e,  3^  V  7| 

,1  II  It  It  tt  ti  l+-th  or  8-th  contacts 

of  the  1-st  block, 
i.e.  4^  V 

u  »  It  ‘t  ti  It  6_th  contact  of  the 

1-st  block,  i.e.  6j' 

b)  The  information  determines  directly  several 


faults,  which  are  either  distinguishable,  or  those 


for  which  the  distlngulshability  has  not  been  established 
for  certain  values  of  i. 

I  —  denotes  that  either  the  network  is  in  working 
order,  or  there  is  a  short  circuit  in  the  4~th  or  12-th 
contacts  of  an  unkJiown  block  or  in  the  4-th  or  7'-th 
contact  of  the  1-st  block,  or  else  the  presence  of  an 
open  circuit  in  the  10-th  contact  of  an  unknown  block, 
l.e.,0\/  4V  12  V  V/V  7^\/  10'; 

I-  denotes  the  presence  of  a  short  circuit  in  the 
1-st  contact  of  the  i-th  block,  or  in  the  7“th  contact 
of  the  (i  -  l)-th  block,  i.e.,  1^  V  ^ 

even  (2  i  n  4  1); 

denotes  the  presoncG  of  a  short  circuit  in  the 

1- st  contact  of  the  i-th  block  or  in  the  7-th  contact 

of  the  (i  -  l)-th  block,  i.e.,  1^  \/  where  i  is 

odd  (2  ^  i  ^  n  4  1); 

denotes  a  presence  of  a  short  circuit  in  the 

2- nd  contact  of  the  1-th  block  or  in  the  8-th  contact 

of  the  (i  4  l)-th  block,  i.e.,  2^  V  where  i  is 

even  (1  <  i  ^  n); 

I,  denotes  the  presence  of  a  short  circuit  in  the 
2-nd  contact  of  the  i-th  block  or  in  the  8-th  contact 
of  the  (i  4  l)-th  block,  i.e.,  2^  \/  8^^^,  where  i 

ir>  odd  (1  i  n); 

denotes  the  presence  of  a 

5 


short  circuit  in  the 


3“rd  or  ll^th  contact  of  an  unknow  'block,  i.ej  3  V 

Ij,  denotes  the  presence  of  a  short  circuit  in  the 
6-th  contact  of  an  unkno\-jn  'block,  i,e,}  6^ 

I  —  denotes  the  presence  of  a  short  circuit  in 

7 

the  9“th  contact  of  an  unknovm  block,  i.e,,  9? 

Q  — ^  denotes  the  presence  of  an  open  circuit  in 
the  lO-’th  contact  of  an  unlonovm  block,  i»e,,  IO5 

1^1  —  denotes  the  presence  of  a  short  circuit  in. 
the  13-th  or  15-th  contacts  of  an  unlmoirfn  'block,  i.e, 


13  V  3-5: 


denotes  the  presence  of  a  short  circuit  in 


the  lh~th  or  16-th  contacts  of  the  i-th  block,  i.e., 
l4^  V  16^,  where  i  is  even| 

— *  denotes  the  presence  of  short  circuit  in 
the  l4-th  or  l6-th  contacts  of  the  i-th  block,  i.e.. 


rne  x*+-i;n  or  uj. 

14.  V  16..  5  where  i  is  odd; 

I, ^  —  denotes  the  presence  of  an  open  circuit  in 
the  1-st  or  7“th  contacts  of  an  unknown  block,  i.e., 

1*  v  7*1 

I-^.  —  denotes  t'he  presence  of  an  open  circuit  in 
the  3 -3rd  or  11-th  contacts  of  the  i-th  'block,  i.e., 

4  V  up 

loo  ^®3rotes  the  presence  of  an  open  circuit  in 
the  8-th  contact  of  an  unknown  block,  i.e.,  8‘, 


/t3 


Note.  In  Ig,  I3,  and  the  faults  7^, 

8  ,  and  2^  ere  fictitious  and  should  be  discarded, 

'nil’  1 

The  foregoing  list  shows  t]mt  in  the  case  of 
appearance  of  information  indicated  in  item  "a"  the 
fault  is  established  and  the  monitoring  is  completed. 
Hov’evc-r,  in  the  appearance  of  information  indicated  in 
item  "b"  additional  analysis  is  necessary.  Since  this 
analysis  uses  essentially  the  effect  of  the  backward 
wave,  we  shall  proceed  to  consider  the  baclcwai'd  wave. 

Y.  Effect  of  the  Backward  Wave.  Vie  have  already 

taken  into  account  in  certain  auxiliary  arguments, 
considerations  that  take  into  account  the  effect  of 
feedback.  Now,  on  the  basis  of  an  account  of  the 
effect  of  the  backward  wave,  we  shall,  on  the  one  hand, 
establish  the  indistinguishability  of  certain  faults, 
and  on  the  other  hand  we  shall  show  for  certain  cases 
how  faults  can  be  detected, 

X)  Proof  that  fjj  r  ar.<l  (1  ?  25- 

It  follows  from  the  table  of  fault  f'unctions  that  It  is 
impossible  to  distinguish  f^^  from  and  f^j^  from  f^^^. 

if  only  the  effect  of  the  forward  wave  is  taken  into 
account.  It  remains  for  us  to  snow  that  this  is  also 
impossible  if  the  action  of  the  backward  wave  is 
considered.  In  fact,  for  any  assembly  e,  both  in  the 


ease  of  closing  of  the  contact  13  and  in  the  case  of  the 

closing  of  the  contact  1?  (or  respectively  the  closing 

of  contacts  and  16) j  either  the  outputs  of  the 

(i  -  l)“th  block  are  simultaneously  closed^  and  then  in 

both  cases  the  same  backvsard  v?ave  is  produced,  or  else 

they  are  simultaneously  open  and  there  is  no  baclward 

wave  at  all,  i^e.,  f^^(e)  z  (or  respectively 

fts  (e)  r  f^^(e)).  This  proves  the  statement.  It 
JL‘+  16 

follows  therefore  that  upon  appearance  of  information 


or  the  analysis  of  the  fault  Is  complete. 

2)  Proof  of  Distinguishability  of  fj  from  f^ 

1  2 ' 
and  when  i  >  2  (when  i  s  2  we  have  f^  s  see 

p,  3^7  /of  source/),  V?e  agree  fui’thermore  to  place  in 


nr 

the  assembly  ^  ^ 


a  ”  -fr  ”  or 


tl  __  H 


sign 


above  the  corresponding  column,  if  we  wish  to  note 
whether  carry  ^6©k»f3;a@e“a«.  from  the  preceding  columns 


took  place  or  not , 

Obviously,  to  detect  a  short  circuit  in  the  4-th 
contact  of  the  i-th  block  by  means  of  the  bac!<ward  wave 
it  is  necessary  that  the  verifying  assembly  contain 

’i** 

^  in  the  i-th  column  (the  guarantees  that  =  0), 

Furthermore,  to  observe  the  appearance  of  a  backward 
wave  on  the  pole  c.  ,  it  is  necessary  that  the  (i  -  1)- 

Uv*“mL' 

-th  column  of  this  assembly  be  ^  ,  for  then  when  the 


4-th  contact  of  the  i-th  block  is  closed  we  have 


s  =1  (normally,  s.  „  =0).  Thus,  the  verifying 
i-1 

assembly  should  have,  in  the  simplest  case,  the  form 
/v  00  1  ...  1  Let  us  ascertain  now  the  result  that 

\  .  V  0  1  / 

Should  be  produced  here  by  a  carry  in  the  (i  -  2)-th 
column.  If  i  -  2  >  1,  then  the  (i  -  2)-th  block  contains 

the  12-th  contact, 

Obvious;Ly,  in  the  absence  of  carry  in  the  (i  -  2)-th 
column  and  upon  closing  of  the  12-th  contact  of  the 
(i  -  2)-th  block,  we  shall  have  =  l.and  therefore 

s  =0.  Thus,  in  the  absence  of  carry  in  the  (i-2)-th 
column  (i  >  3)  we  shall  have  “Ex  f^“^.  Consequent¬ 

ly,  to  avoid  this  identification,  it  is  necessary  that 
when  i  >  3  the  investigated  assembly  have  the  form 

/  . ..  O  o  o  .  . •  3  It  is  seen  therefore,  that  a  fault 

V.  .  . .  o  i  L  •  y 

in  the  4-th  contact  of  the  i  3  block  (unknown)  is 
determined  with  the  aid  of  four  assemblies,  for  example’. 

/...oo  1  1  00  1  i\  /..ooljoon  /...0  0  1  1  0  0\  /...ooiio\ 

\. ..  0  1  1  1  0  1  1  l)  ’  \. . .  0  1  1  1  0  1  1/  *  \...  0  1  1  1  0  1/  ’  \...  0  I  1  1  0/ 

The  remaining  faults  0,  4^  V  li.  =1. 

^i’  '^1’  ^i’  ^i’  ^^1’  ^^i’  ^^1*  ^^i  ^^i’  ^i*  ^i’  "^i* 

8‘,  10',  and  11'  can  be  established  in  principle  by 
i’  i'  1 

taking  into  account  only  the  forward  wave.  However, 
we  shall  see  later  that  by  using  the  effect  of  the 
backward  wave  we  can  construct  a  more  compact  condition¬ 


al  test. 


0 


«  •  • 


0  10  0* 


*  *  > 


0 


in  the  case  2, 
i 

In  the  case  8. 


0  ...  0  1  1  0*  ...  0 


VJe  note  that  vhen  1  =  n  the  information  I*  (I,  ) 

3  H 

yields  2  and  no  further  analysis  is  necessary. 

Let  us  consider  the  case  of  appearance  of 
information  Ig,  1^,  and  VJe  put 


•where 


/'’  •  •  ■ 

^1"  lij . . .  ()/ ' 


In  the  case  of  appearance  of  ”1*’  in  the  i-th 
colujrm  upon  running  through  the  assembly  e^Q,  i.e., 
if  0  ...  0  1*  0  ...  0  appears,  vie  have  respectively 
6.,  9^,  and  13^^  V  15^. 

In  the  case  of  appearance  of  the  information  ^10’ 
as  seen  from  the  table  of  fault  functions  of  the  i-th 
block,  we  must  put 

where 


/.  .0  )  0  1 

.  .  .  1 

{|\ 

1 ...  1  1  1  1 

)  »  ^\z  ( 

...  i  i 

1 

I  0  i 

Upon  running  through  assemblies  *  j  j  \ 

/■  .  .  .  0  I  ^  Q  \  10-th  contact  of  the  i-th 

V  .  <  I  i  i  / 

block  is  closed,  we  have  respectively  ...1011*  10 


and  . ,  * 

and  . . . 

i~th  and 
only  in 


101*  110, „»  instead  of  1010*10.«, 

1  0  1*  0  1  0  i.e.,  a  "1"  appears  in  the 

(1  »  l)~th  coltannr,  (when  1=2,  the  "1”  appears 
the  first  assembly,  since  the  backv.fard  WE|Ve  from 


the  second  block  is  not  ca.ught).  It  is  seen  therefore 
that  the  number  of  the  faulty  block  is  established. 

From  the  table  of  the  fault  functions  of 
the  i“th  block  it  is  also  seen  that  upon  appearance  of 
information  it  is  necessary  to  take  the  test 

^  hi  ^12)  • 


In  fact,  the  presence  of  a  fault  Ij  \/  7!  is  character- 

X  X 

ized  by  the  fact  that  in  running  through  the  assembly 
C' ' '  ^  \  \  ')  obtains  instead  of  ...010*1.,, 

the  result  ...  0  0  0*  1  ...  (the  "1”  of  the  (i  ■*  l)-th 


column  disappears). 

In  the  case  of  appearance  of  information 
one  must  take  the  test 


where 


Ti,.  -  {e^,h 

/.  .  .  0  0  0*  o...o\ 
\. .  .  0  1  0  0 ...  0/  • 


In  the  case  of  a  fault  3!,  ’  instead  of 

1 

...  0  1  0*  0  ...  there  appears  ...  0  0  0*  0  ...  (the 
'*1'’  disappears  from  the  (i  4  l)-th  column). 


—  (h^ 


Analogously,  in  the  case  of  appearance  of 
Information  the  test  T_  Is  determined  for  the 

22  I22 

establishment  of  the  number  of  the  block  in  ■which  the 
contact  8  is  open  circuited.  Namely 


where 


1 1  1 1\  _/. 
0  10  1/’ 


1  M  IV 
10  10/* 


Here,  when  the  8~th  contact  of  the  i~th  block  is  open 
circuited,  upon  running  throggh  the  assembly 
^  ,  1  o  I  ...  )  instead  of  ...  10*1  ...  one  obtains 
...  0  0*  1  ...  (the  “I'*  disappears  in  the  (i  ♦  l)-th 
column). 

The  informations  I  and  lead  to  more  complicat 

0  5 

ed  explanations  and  constructions. 

Thus,  assume  that  we  have  the  information  Iq. 

This  means  that  the  network  can  be  in  one  of  the  states 

0  \J  \  \/  12- V  ^  V  7  v  10*.  As  already 

1  1 

noted,  in  step  V,  the  verifying  assembly  for  disclosing 
a  short  circuit  in  the  4~th  contact  of  the  i-th  block 
(i  2)  should  contain  the  following  values, 
in  the  i-th,  (i  -  D-th,  and  (i  -  2)-th  columns.  In 
this  case  upon  closing  of  the  4-th  contact  of  the  i-th 
block,  running  through  the  verifying  assembly,  we 


obtain  ...  1*  1  1  i»e.,  there  appears  a  '‘1”  in  the 

(  i  -  l)-th  column.  On  the  other  hand,  the  presence  of 
a  carry  in.  the  (i  •“  2)-th  column  prevents  the  possibility 
of  the  appearance  of  a  ’'1"  in  the  (i  -  D-th  column, 
because  of  a  short  circuit  in  the  12-th  contact  of 
the  (1  -  2)-th  block.  Thus,  the  ”1”  appearing  in  the 
(i  -  l)-th  colutm  as  a  result  of  running,  through  the 
verifying  test  of  the  indicated  type  is  evidence  of  the 
presence  of  a  short  circuit  in  the  4-th  contact  of  the 
i-th  block. 

To  detect  a  short  circuit  in  12-th  contact  of  the 
i~th  block  it  is  necessary  that  the  verifying  assembly 
•  (see  table  of  fault  fanctions  and  tlM  diagram  of  the 

i-th  block)  have  the  form  1  .  „  )  *  ^ 

result  of  ruTining  through  this  assembly  we'  obtain  in 
the  case  of  a  short  circuit  of  the  12-th  contact  of 
the  i-th  block  ...  1  0*  i.e.,  a  '•!»  appears  in  the 

(  i  l)-th  column. 

However,  the  »1''  can  appear  in  the  (i  ♦  l)-th 

column  because  of  the  backvjard  wave 

to  a  fault  in  the  4-th  contact  of  the  (i  ♦  _ 

O  ^  ^  \ 

To  block  the  path  of  the  backward  wave  in  the  (i  *  l)-th 

/  ■ .  .  ,  I  O  (  ) 

block,  it  is  enough  to  take  the  assembly  i  \ 


It  is  easy  to  see  that  now  the  "1"  will  appear  in  the 


(i  ♦  l)-th  column  upon  running  through  the  assembly  only 
If  there  is  a  short  circuit  in  the  12-th  contact  of  the 
i-Lh  block.  Fnnally,  to  observe  an  open  circuit  in  the 
10~th  contact  of  the  i-th  block  it  is  necessary  to  take 

functions  and  the  diagram  of  the  i-th  block).  It  is 
easy  to  verify  that  if  upon  running  through  this  assembly 
we  obtain  ...  0  a*  ...,  i.e.,  if  the  '‘1“  has  disappeared 
from  the  (i  4  D-th  column,  then  t?ie  10-th  contact  of 
the  i-th  block  has  become  open  circuited. 

Let  us  show  that  in  the  case  of  appearance  of 


the  e^ssembly 


( 


•  (see  table  of  fault 


information  the  completion  of  the  monitoring  calls 
for  taking  the  test 

~  {^18*  ^17’  ^1S»  ^19'  ^20’  ^2l)» 


^  •  1  0  1  0  d  0  1  0  1\ 

.  .  1  1  1  1  0  1  1  1  lA’ 

0  1  0  0  0  1  0  1  0\ 

I'  .  1  i  1  0  J  1  1  1  1/  ' 

1  0  0  0  1  0  1  0  0\ 

\.  . .  1  10  1  1  1  1  1  oj  ’ 

0  0  0  1  0  1  0  0  1\ 

..  I  0  1  1  1  1  1  0  1/  ’ 

_  /.  .  .  0  0  10  1  0  0  0  1\ 

\.  .  .  0  1  1  1  1  10  1  1/  ' 

_  .  .0  1  0  1  0  0  0  1  1\ 

.  1  1  1  1  10  1  I  i)  ’ 


n 


The  foregoing  assemblies  are  based  on  the 

/  0  O  O  t  o  S  T 

repetition  of  the  combination  \ i  \  ^  ^  I  ' 

4- 

assemblios  and  e  we  took  for  the  l-st  coiuBin  ^ 

i'7  21  ^ 

and  not  ,  to  ensure  transfer  to  the  next  coluitn. 

If  upon  running  through  the  assembly  ®Tg  ^ 
appears  in  the  1-st  eoltaEn,  we  obviously  have  \/  7. 
If  the  netX'Jork  Is  in  proper  working  order,  running 
through  any  of  the  foregoing  assemblies  leads  to  an, 
assembly  in  v;hich  pieces  0  O3  0  1,  arid  1  1  alterruite 
(from  right  to  left),  -where  0  0  is  followed  by  0  i, 

0  1  is  followed  byl  1,  1  1  by  0  0,  etc.,  excluding  the 
l~st  coluE  for  the  assemblies  e^g,  and 

e  ..  For  example,  in  running  through  e,  ^  we  would 

Pi 


obtain 


...00!  10100, 


The  preceding  arguments  show  that  if  upon  rixaning  through 
a  set  from  T 

Iq 

the  piece  0*  0  goes  into  1*^  1,  then  the  M-th 

contact  of  the  (i  ♦  l)~th  block  is  short  circuited 5 

the  piece  0*  0  goes  into  1*  0,  then  the  12-th 

contact  of  the  (i  #  l)-th  block  is  short  circuited , 

the  piece  1*^  1  goies  into  0*  1,  then  the  10-th 
contact  of  the  (i  —  1)— th  block  is  open  cii'cuited. 

An  exception  is  the  assembly  ©oo’  when  we 


—  <73 


run  through  it,  if  in  the  first  two  columns  we  have  1  0 
instead  of  0  0,  we  have  a  short  circuit  in  the  4-th 
contact  of  the  B-^’d  block. 


Finally,  if  infcrmaticn  arnesrs,  w.-  have  B 


S  J  o 


As  seen  from  the  table  of  fault  functions  ario.  the  di.igic^iT; 
of  the  i-th  block,  to  determine  the  nmber  of  the  faulty 
block  (B.  \l  11.)  and  to  detect  a  short  circuit  in  the 
•u»rci  contact  of  the  i~th  block  (1  ^  2),  one  must  take 


the  assemblies 


.  .0  I*  .  .  A 

v  .  0  1. ..1  1  .  ..)• 


However,  unless  certain  rirecautions  are  token, 

then  in  the  case  of  the  first  assembly  the  result  of 

shorting  of  the  3~t'd  or  ll~th  contacts  of  the  s-th 

hlcck  (s  1?  i  -  2)  may  influer'CC  the  i-th  coltann. 

Therefcre ,  the  first  assembly  must  have  tne  following 

,  ,  .T  .  f  ..  .  0  1  >  • 

foriii  \r.ci.tten  in  greater  aeta-Li.  .  o  6  i  .  .  */ • 

The  value  ^  in  the  (i  +  D-tb  col'umn  has  as  its 
o 

purpose  to  block  the  propagation  of  the  wave  arising 

in  the  i-th  block.  It  must  be  indicated  here  that 

running  thro.^gh  this  asserably  may  lead  to  a  value 

...  1  1*  1  ...  instead  of  ...  1  1  ...  not  only  because 

cf  a.  fo-Ult  in  the  i-th  block,  but  also  because  of  a 
short  of  the  11-th  contact  of  the  (i  ♦  l)-th  block. 

Upon  running  tiirough  the  second  assembly  we  can  obtain 


I7i 


...  1  0’*'  ...  instead  of  ...  0  0*  ...  not  only  because  of 

a  closing  of  the  S-rd  contact  of  the  i-th  block,  but 

also  because  of  the  influence  of  the  backviard  wave, 

produced,  for  example,  upon  closing  of  the_3~rd  or  ll~th 
contact  in  the  (i  *  2)-th  block,  if  the  assembly  has  the 
f ormf  ‘  ‘  ‘iv?  ‘  ‘  To  prevent  the  action  of  the  backward 

V.  *  •  •  u  t  \  ^  ^  / 

viave  on  the  (i  l)*-th  block  we  refine  in  this  assembly 


the  (14  2 
/  .  ,  .  i  o  T 
V.  .  .  I  I  I 
of  the  tes 


)«-th  column  in  the  following  manners 

Vie  can  now  give  the  construction 
t  We  put 


^84»  %*  ®SsK 


where 


'n 


'SS 


«2S  =  ( 


«88  =  ( 


..0  !  i  0  i  0  i  i  0  i 
..001  llOOiii 

. .  i  1  0  1  0  1  1  0  1  0 
. .  0  1 1  i  0  0  1 


0  1  ov 

1  1  0/» 


. .  i  0  1  0  i  1  0  1  0 
.  .  I  1  1  0  0  t  1  1  0  Oj 

..0  i  0  1  1  0  !  0  1  1 

..ilooiiiool 

..iOliOlOlil 

..lOOiliOOil 


)• 


These  assemblies  are  based  on  the  repetition  of 


the  combinations  f  j?  J1  \  ^  !  ''i  .  Tn  the  last  assembly 

\0  0  1  i  I  ^  I 

to  insure  carry  in  the  second  column,  we  used  j 
instead  of  ^  as  the  first  column.  When  the  network 
is  in  proper  operating  condition,  upon  running  through 
the  foregoing  assemblies,  the  result  is  an  alternation^ 


from  left  to  right,  of  the  corr;bination.s  0  0  and  10  1, 
perhaps  with  the  exception  of  the  first  three  columns . 

l’hua,upon  riuming  through  the  assembly  ©24  ^® 
the  case  of  a  properly  working  network,  ...  ^^0  3^  J 
lO  0.1  0  0.  From  the  foregoing  considerations  we  con- 
elude  that  if  the  piece  1  0*  1,  and  also  the  piece  1*  0  1 
have  become  1  1*  1  and  1*  1  1  respectively,  we  have  a 
short  circuit  in  the  11-th  contact  of  the.i-th  block, 
but  if  the  piece  0  0*  has  become  1  0*,  we 

have  a  short  circuit  in  the  3~rd  contact  of  the  i-th 

block. 

Note.  In  running  through  the  assembly  eg^  the 
piece  100  plays  the  same  role  as  the  piece  1  0  1j 
if  it  becomes  1  I  0,  it  means  either  a  short  circuit 
of  the  11-th  contact  of  the  3-lfd  block,  or  a  short 

circuit  32,  V  1^2  block. 

This  completes  the  construction  of  the  condition¬ 
al  test. 

The  Investigation  shows  also  that  all  the  faults, 
with  the  exception  of  those  listed  in  step  II,  are 
pairwise  distinguishable.  We  thus  arrive  at  the 
following  result. 

Theorem.  To  detect  a  single  fault  in  a  one-step 
binary  summator  network  (see  beginning  of  the  section) 
.one  can  constnuct  a  conditional  test  of  length  ^  13. 


Attention  should  be  called  here  to  the  xact  that; 
the  length  of  the  conditional  test  is  independent  ox  n« 
Tho  fact  that  v.'ith  increasing  n,  s-ncl  there i ore  vn.bn 
increasing  number  of  fault  fian,ctior.s ,  the  test  cioee  nut 
become  longer  is  due  to  the  increase  in  tne  number  oi 
network  outputs,  ana  consequently,  with,  the  increased 
nn’Ount  of  i.nf ornation  obtained,  at  the-  outputs  upO/.j. 
i-unnlne,  through  the  assemblies. 
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